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The presence of a eukaryotic cell nucleus necessitates the movement of proteins 
and RNAs across the nuclear envelope. Nucleocytoplasmic transport is essential 
for cell viability, but is also likely to regulate cellular activities ranging from the 
cell cycle to signalling pathways. The nucleocytoplasmic transport machinery has 
been extensively characterised in single celled systems. However, the extent to 
which transport factors are involved in the regulation of developmental pathways 
in multicellular organisms remains largely unknown. The aim of this thesis was 
the analysis of the role of a nucleocytoplasmic transport factor in Drosophila 
development. 
Potential nucleocytoplasmic transport factors in Drosophila were identified in 
database searches by their homology to known factors from yeast and humans. 
For candidate factors the sequence and mRNA expression pattern was further 
analysed. While most mRNAs tested were ubiquitously expressed, one newly 
identified factor, called Drosophila cas (dcas), because of its homology to human 
CAS (ellular poptosis susceptibility factor), showed a specific expression 
pattern. Zygotic dcas mRNA was highly enriched in the embryonic central 
nervous system, although the protein showed a generalised distribution. Mutations 
in dcas were identified and analysed. A P-element insertion in the dcas gene 
causes lethality, whereas several hypomorphic alleles showed specific phenotypes 
at different developmental stages. Detailed analysis revealed that Dcas functions 
in the export of importin-ct in Drosophila, as previously reported for humans and 
yeast. However, mutations in dcas also resulted in highly specific defects in cell 
fate determination in the peripheral nervous system during the development of the 
external sensory organ (commonly known as "bristles"). Similar phenotypes have 
been reported in mutants that increase signalling by the Notch pathway. Several 
components of this pathway were therefore tested for localisation defects in dcas 
mutants and one protein showed an altered nuclear/cytoplasmic distribution. 
These findings confirm that Dcas has the same basic function in the export of 
importin-ct in intact Drosophila as in single cells of humans and yeast. In addition 
to this "house-keeping" function, mutations in dcas cause specific phenotypes, 
indicating that some pathways are particularly sensitive to a perturbation in 
nuclear protein import. This is very likely applicable to other transport factors in 
other multicellular organisms. 
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Eukaryotic cells are distinguished from prokaryotic cells by the presence of a distinct 
cell nucleus, which is separated from the cytoplasm by the nuclear envelope (NE), a 
double membrane that is continuous with the endoplasmic reticulum. The presence of 
the nucleus as a separate organelle may have contributed to the evolution of complex 
multicellular organisms. The sequestration of the genomic DNA, may contribute to 
genetic stability and most likely allows eukaryotic cells to process greater amounts of 
genetic information than prokaryotic cells. In addition, this compartmentation allows 
regulation of key cellular events at levels unavailable to prokaryotes, for example, by 
controlling the access of transcriptional regulators to chromatin. 
In higher eukaryotes with an open mitosis the NE breaks down once per cell cycle 
and the nucleoplasm and cytosol are mixed, allowing exchange of factors. Following 
mitosis, large numbers of nuclear proteins must be re-imported. During the generally 
longer interphase, ribonucleic acids (RNAs) are transcribed in the nucleus, and most 
are then exported to the cytoplasm. In contrast, nuclear proteins are synthesised in the 
cytoplasm and must be imported into the nucleus. Other proteins continually shuttle 
between the nucleus and cytoplasm. All of this intensive trafficking of molecules 
between the cytoplasm and the nucleus, which is commonly termed 
nucleocytoplasmic transport, proceeds exclusively through nuclear pore complexes 
(NPCs). 
Nuclear pore complexes 
The NPCs, embedded in the NE, are the passageways between the nucleoplasm and 
cytoplasm (for reviews see (Doye and Hurt, 1997; Ohno et al., 1998; Stoffler et al., 
1999; Vasu and Forbes, 2001)). The number of NPCs varies greatly with cell size and 
activity of each cell type, ranging from around 200 in yeast cells (Rout and B lobe!, 
1993) to approximately 50 million in a mature Xenopus oocyte (Cordes et al., 1995). 
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The mass of a NPC is —66 MDa in yeast (Rout and Blobel, 1993) and —125 MDa in 
higher eukaryotes (Reichelt et al., 1990). The NPCs are composed of protein 
subunits, termed nucleoporins, and have a highly conserved core structure in all 
eukaryotic cells studied. The nucleoporins assemble in multiple copies to form eight 
central spokes that are connected to ring structures embedded in the nuclear and 
cytoplasmic faces of the NE. From these rings, cytoplasmic and nuclear fibrils 
emanate, with the nuclear fibrils often joined at their distal end to form a basket-like 
structure. Extensive analysis of yeast NPCs has identified 30 different stable 
nucleoporin constituents (Rout et al., 2000; Vasu and Forbes, 2001). It is presently 
unclear whether the larger size of vertebrate NPCs is accounted for by the presence 
of a greater number of different factors or more copies of the individual factors. 
Many nucleoporins in yeast and vertebrates have been localised to distinct sites on 
the NPC. For example, in vertebrates Nup 153 is localised at the nuclear basket (Pante 
et al., 1994) and Nup 358 to the cytoplasmic filaments (Wu et al., 1995). These 
proteins contain irregularly spaced repeats of phenylalanine and glycine, termed FG 
repeats, which are found in approximately a third of all nucleoporins (for reviews see 
(Doye and Hurt, 1997; Ohno et al., 1998; Vasu and Forbes, 2001; Wente, 2000)). The 
FG repeats interact with nucleocytoplasmic transport receptors and therefore make it 
likely that they are involved in the translocation mechanism. NPCs form aqueous 
channels through which transport proceeds (Feldherr et al., 1984) but the actual 
translocation mechanism remains unclear (reviewed in (Rabut and Ellenberg, 2001; 
Weis, 2002)). Molecules smaller than 70kDa have been shown to passively diffuse 
through the NPCs, but molecules bigger than 70kDa are excluded unless actively 
transported through the NPC. Active transport can accumulate proteins against a 
concentration gradient but, in apparent contradiction, translocation does not require 
energy (Englmeier et al., 1999; Ribbeck et al., 1999). The explanation for this 
observation is largely provided by the role of the small GTPase Ran, to which most 
transport factors bind. 
Ran directs transport 
Ran is a member of the Ras family of small GTPases (Bischoff and Ponstingi, 1991; 
Drivas et al., 1990) and is an important component of many pathways of 
nucleocytoplasmic transport (Gorlich et al., 1996b; Melchior et al., 1993; Moore and 
Blobel, 1993). The directionality for most transport is derived from a RanGTP - 
RanGDP gradient (Izaurralde et al., 1997). Like other GTPases, Ran switches 
2 
Chapter 1 	 Introduction 
between GDP- and GTP-bound states by nucleotide exchange and GTP hydrolysis. In 
the nucleus the RanGTP concentration is high, whereas Ran-GDP predominates in 
the cytoplasm, forming a RanGTP-RanGDP gradient across the NPC. This 
asymmetry is achieved through the regulators of Ran. RCC 1 is the guanosine 
nucleotide exchange factor for Ran (also termed RanGEF), which promotes the 
dissociation of GDP from RanGDP. Since the GTP:GDP ratio is normally high, the 
now nucleotide-free Ran generally binds to GTP. RCC 1 binds to chromatin and 
recent studies indicate that the major interaction is between RCC1 and the histones in 
nucleosomes (Nemergut et al., 2001). As a result, Ran that is near chromatin (i.e. in 
the nucleus of an interphase cell) is likely to be in the GTP-bound state. When Ran 
leaves the nucleus, it encounters two related RanGTP binding proteins, RanBP1 and 
RanBP2, that cooperate with the Ran GTPase activating protein (RanGAP) to induce 
GTP hydrolysis of Ran. In this way the cytoplasmic Ran GTP concentration is kept 
low. However, GTP hydrolysis of Ran does not act directly as energy source for 
export. The import receptors of the importin 0 family (importins) generally bind their 
cargo only in the absence of RanGTP and the complex is dissociated by RanGTP. In 
contrast, the export receptors of the importin 3 family (exportins) generally bind their 
cargo only in the presence of RanGTP. The RanGTPIRanGDP gradient is maintained 
across the pore and together with changing affinity of binding to nucleoporins it 
determines the directionality of nucleocytoplasmic tansport. Energy is required to set 
up this gradient, but not for the actual translocation (for reviews see (Görlich and 
Kutay, 1999; Kuersten et al., 2001; Mattaj and Englmeier, 1998)). 
A small number of transport receptors have been identified, which bind and 
translocate their cargo independently of Ran and nucleoside triphosphates (NTPs) 
(Englmeier et al., 1999; Ribbeck et al., 1999). However, the direction of transport of 
most trafficking components identified to date is dependent on the RanGTP/RanGDP 
gradient. 
Nucleocytoplasmic transport receptors and adaptors 
Most substrates for nucleocytoplasmic transport must associate with soluble transport 
receptors, either directly or via an adaptor protein (for reviews see (Görlich and 
Kutay, 1999; Mattaj and Englmeier, 1998; Pemberton et al., 1998; Weis, 2002)). The 
transport receptors shuttle rapidly between the nucleus and cytoplasm, although they 
are often concentrated at the NPC, and can interact with the FG repeats of 
nucleoporins during translocation (Conti and Izaurralde, 2001). To date three classes 
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of nucleocytoplasmic transport factors have been identified; the importin 13 (or 
karyopherin 1) family, the nuclear export factors (NXFs) and the small nuclear 
transport factor 2 (NTF2). The largest and best characterised class are the 
importin 13 proteins (Fornerod et al., 1997b; Görlich et al., 1997), which are directly 
relevant to this thesis and will be discussed in more detail below. 
The first identified members of the NXF family were Mex67p in yeast (Segref et al., 
1997) and its homologue TAP (NXF1) in humans (Gruter et al., 1998). It was shown 
that these proteins export mRNA with help of the co-factor Mtr2p in yeast and p15 in 
humans. The NXF family has four members in humans, which differ from each other 
in their structure and/or expression patterns (Herold et al., 2000; Jun et al., 2001; 
Yang et al., 2001). TAP and NXF2 are able to interact with nucleoporins directly, 
whereas NXF3 uses the importin 13 family member Crml (see below) as export 
receptor (Yang et al., 2001). 
NTF2 was initially thought to be the co-factor of a transport receptor due to its 
molecular mass of only 10 kDa, but was found to be a transport receptor itself 
(Ribbeck et al., 1998). NTF2 performs the important role of importing Ran into the 
nucleus. At least one molecule of Ran moves to the cytoplasm for each molecule of 
cargo transported. Because there is an enormous flux of macromolecules between the 
nucleus and the cytoplasm (estimates suggest that there are more than 1 million 
events per minute in a fast-growing mammalian cell) Ran needs to be returned 
rapidly to its nuclear, GTP-bound state. It has recently been shown that a remarkable 
2500 NTF2 homodimers per second can translocate across a single NPC by 
facilitated diffusion (Ribbeck and Görlich, 2001). 
There are reports of proteins that are able to translocate without the aid of known 
transport receptors. Several of these, like 13 catenin, have ARM repeats (see below) 
and are therefore structurally related to importin (3 and importin a (Huber and Weis, 
2001; Wiechens and Fagotto, 2001). For other proteins, including U1A, the 
mechanism of transport is unknown (Hetzer and Mattaj, 2000). 
Transport signals 
Actively translocated cargoes have signals of varying composition and length that are 
recognised by the appropriate transport receptor. The first identified import domain 
was the nuclear localisation signal (NLS) from the SV40 T antigen (Kalderon et al., 
1984). Similar sequence stretches were found in many other proteins to function as 
El! 
NLSs (reviewed in (LaCasse and Lefebvre, 1995)). There are several versions of this 
motif all of which include a stretch of basic amino acids, most commonly four 
consecutive arginine (R) and lysine (K) residues. A related form is the bipartite NLS, 
which consists of two basic clusters of K and R residues separated by a spacer region 
of ten to twelve amino acids, and was first identified in nucleoplasmin (Robbins et 
al., 1991). The monopartite and bipartite NLSs are now often collectively referred to 
as a "classical NLS". These are recognised by the importin a family of transport 
adaptors, which in turn bind to the transport receptor importin-13. It subsequently 
became clear that many import substrates did not require importin a but contained 
import signals that were bound directly by members of the importin 13 family. These 
typically consist of less well defined sequences that are substantially larger than the 
classic NLS originally defined. A very different example of a nuclear import signal is 
the trimethylguanosine cap (m 3G) structure of small nuclear ribonucleoproteins 
(snRNPs), which is recognised by the transport adaptor snurportin I (Huber et al., 
1998). 
The "empty" importin 13 family proteins can cross the NPC without assistance, but 
the adaptors importin a and snurportin 1 require nuclear export signals for their 
recycling to the cytoplasm. Snurportini contains a leucine-rich nuclear export signal 
(NES)(Paraskeva et al., 1999), which was first identified in the HIV Rev protein. 
NES elements were subsequently identified in many proteins that are exported from 
the nucleus by the export receptor CRM 1, a member of the importin 13 family 
(Fischer et al., 1995; Fornerod et al., 1997a). Interestingly, another transport signal, 
the M9 domain present in heterogenous nuclear nbonucleoprotein (hnRNP) Al and 
closely related hnRNP proteins, can function as an import signal as well as an export 
signal (Michael et al., 1995; Siomi and Dreyfuss, 1995), binding to the importin 13 
family protein transportin. There are likely to be many more import and export 
signals, which have not yet been identified. 
The export signal on importin a is recognised by the exportin CAS, yet another 
member of the importin 0 family (Herold et al., 1998), an interaction that will be 
discussed in more detail below. 
The importin P family of nuclear transport receptors 
All importin 13-like transport factors have the ability to recognise specific transport 
substrates and to shuttle between the nucleus and the cytoplasm. The importin 13 
family has 14 members in yeast and at least 22 members in humans (Strom and Weis, 
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2001). Based on the direction in which these receptors carry their cargo, they are 
classified as importins or exportins. Nine members of the yeast importin 13 family 
have been identified as importins and four members as exportins (for reviews on the 
importin 13 family see (Gorlich and Kutay. 1999; Strom and Weis, 2001)). The 
importin 1 family is characterised by a N-terminal Ran binding domain, which is 
highly homologous between family members, allowing their identification (GOrlich 
et al., 1997). Importin 13 family members show little homology outside the Ran 
binding domain, and their molecular mass varies between 90 and 1 3OkDa (GOrlich et 
al., 1997). Cargo-binding domains of importin 13 family members are generally 
thought to be in the C-terminus. The crystal structure of importin 13 revealed that it 
has 19 tandemly repeated copies of the HEAT motif, which is approximately 40 
residues in length and found in many eukaryotic proteins. Different subsets of HEAT 
repeats are responsible for binding to Ran, nucleoporins and the cargo (Bayliss et al., 
2000; Cingolani et al., 1999; Vetter et al., 1999). It is proposed that conformational 
changes in the helical stacking of the HEAT repeats are responsible for the regulation 
of cargo binding and release and/or for protein interactions during the translocation 
through the NPC. The crystal structure of another importin 13 family member, 
transportin, showed 18 HEAT repeats, which also mediate binding to RanGTP 
(Chook and Blobel, 1999). It seems likely that all importin 13 family members have 
HEAT related repeats, at least in the Ran binding domains. No crystal structures for 
exportins have been solved yet, but nucleoporin association and cargo binding are 
probably similar to importin P. An outstanding question is why exportins bind their 
cargo only in the presence of RanGTP, while import complexes are dissociated by 
RanGTP. 
Only four members of the importin 13 family in yeast are essential, namely Cselp 
(Xiao et al., 1993), Crmlp (Adachi and Yanagida, 1989), Pseip (Seedorf and Silver, 
1997) and Importin 13 (lovine et al., 1995). The remaining ten members are non-
essential, even though they often transport essential cargoes. This can be explained 
by the fact that cargoes can use alternative transport pathways, as it for example was 
shown for the l9kDa signal recognition particle component (Srpl9p), which can be 
imported by several different members of the importin 13 family, mainly by 
transportin and importin 13, but less efficient nuclear transport is also performed by 
other family members (Dean et al., 2001). 
The accepted classification of the importin 3 family into either importins or exportins 
has been challenged by the recent identification of bidirectional transport. For 
example, yeast Msn5p is the export receptor for several phosphoproteins and the 
import receptor for the trimeric replication protein A complex, which is implicated in 
DNA replication, repair and recombination (Yoshida and Blobel, 2001). Another 
example is Importin 13, which mediates the export of the translation initiation factor 
eIF1A and the import of a diverse range of cargoes (Mingot et al., 2001). More 
examples of bidirectional transport are likely to be identified. 
Transport receptors can interact with their cargo in several different ways. For 
example, importin 0 was originally believed to bind transport cargoes only via 
importin a, but has now been shown to use other adaptors and can also interact with 
cargoes directly or by heterodimerisation with other importin 13 family members. To 
date three adaptors, importin a (see below and reviewed in (Gorlich and Kutay, 
1999)), snurportini (Huber et al., 1998) and XRIP a (Jullien et al., 1999), have been 
identified, which mediate transport of nuclear cargo by binding to importin 13. 
Adaptors bind to a substrate by recognising its transport signal and then bind to a 
transport receptor via their own transport signal. An example for the direct interaction 
is the import of cyclin B  (Moore et al., 1999). Importin 13 and importin 7 can form a 
heterodimer, which efficiently imports histone Hi (Jakel et al., 1999). Acting singly, 
both importin 13 and importin 7 can import cargoes such as ribosomal proteins. A 
possible explanation for the use of adaptors, co-receptors and cofactors is the 
possibility of differential regulation of the transport of different cargoes that use the 
same receptor. Inactivation of importin 7, for example, would lead to inhibition of 
histone Hi import without affecting the many other cargoes carried by importin P. 
Transportin is an importin 13 family member, which can recognise several different 
transport signals. Transportin was originally identified as an import receptor for 
hnRNP proteins, of which Al is the best characterised (Pollard et al., 1996). The 
import signal of Al is the M9 domain (see above and (Siomi and Dreyfuss, 1995)) 
but transportin can also recognise another nuclear import signal, the BIB domain, 
which is required for import of the ribosomal protein rpL23a (Jäkel and Görlich, 
1998). 
The best studied exportin is CRM1 (for chromosome region maintenance), also 
known as exportin 1 or XPO1, which has been identified in yeast and higher 
eukaryotes (Adachi and Yanagida, 1989; Fornerod et al., 1997a; Stade et al., 1997). 
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Like importin 13 it uses a variety of cofactors to aid in the recognition of their diverse 
cargoes. Most export cargo recognised by CRM 1 have a leucine rich NES (see 
above) but others, like the adaptor protein snurportin 1, have no recognisable NES 
(Paraskeva et al., 1999). 
Some importin 0 family members seem to be specialised for the transport of only one 
kind of cargo, in both yeast and human cells. The only known export substrate for 
Los! (also known as exportin t) is tRNA (Arts et al., 1998; Helimuth et al., 1998; 
Kutay et al., 1998), while importin a is the only known export substrate for CAS 
(Hood and Silver, 1998; KUnzler and Hurt, 1998; Kutay et al., 1997; Soisbacher et 
al., 1998). 
Human CAS and yeast Cselp 
A wide range of proteins contain the classical NLS and their import is therefore 
dependent on importin a. To allow continued nuclear import, importin a must be 
efficiently recycled to the cytoplasm. CAS was identified as a member of the 
importin 13 family of transport receptors by its homology to the Ran binding domain 
(Gorlich et al., 1997) and was shown to be a Ran-dependent export receptor for 
importin a (Kutay et al., 1997). Importin a recognises and binds to NLS containing 
cargo and forms a complex with importin (3 (see Figure 1-1). Importin 13 then 
translocates this complex by communicating with several nucleoporins of the NPC. 
Once the complex is in the nucleus, the small GTPase Ran binds to importin 0, 
dissociating the complex with importin a and releasing the NLS containing protein. 
Importin 13 is thought to return to the cytoplasm bound to RanGTP, but without 
cargo. Importin a is recognised by CAS, but binding is only possible, when hCAS is 
bound to RanGTP and when importin a is not bound to cargo (Kutay et al., 1997). 
CAS then translocates the complex to the cytoplasm, presumably communicating 
with nucleoporins, as does importin P. Once in the cytoplasm, RanGTP is 
hydrolysed and this initiates the dissociation of the export complex (for excellent 
reviews of this mechanism see (Gorlich and Kutay, 1999; Mattaj and Englmeier, 
1998; Strom and Weis, 2001)). As no structure for an exportin has been solved to 
date the exact mechanisms of the interaction with RanGTP, importin a and 
nucleoponns are not understood, however it is likely that these are similar to other 
importin (3 family members. In Saccharomyces cerevisiae, Cselp is 34% identical to 
CAS and has been shown to be the export receptor for the only member of the 
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Figure I-1. The import adaptor for NLS proteins, Importin a, is imported by importin 
and exported by CAS. 
Importin a binds to proteins containing a classical NI.S. This complex binds to the nucleocytoplasmic 
transport receptor importin P , which translocates the complex from the cytoplasm to the nucleoplasm 
through the nuclear pore complexes (NPCs). The NPCs are in regions of the NE (pink) where the inner 
and outer nuclear membranes are continous. Fibrillar structures, which form the nuclear basket (NB) 
and cytoplasmic fibrils (CF), are connected to flanking rings (black dots). In the nucleus, importin 
binds to RanGTP, resulting in dissociation of the import complex. Once importin a has released the 
NLS-containing cargo protein, it can bind a complex between RanGTP and the exportin CAS, which 
transports it back out through the NPC. In the cytoplasm. (iTP hydrolysis by Ran is stimulated and 
RanGTP is converted to RanGI)P, dissociating the export complex. The directionality of transport is 
provided by the high concentration of RanGTP in the nucleus and RanGDP in the cytoplasm. 
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importin cx family in yeast, Srplp (Hood and Silver, 1998; KUnzler and Hurt, 1998; 
Soisbacher et al., 1998). This conclusion was mainly drawn from localising Srplp in 
strains mutant for its export receptor, Cselp. In strains carrying csel-1, Srplp but not 
Importin P accumulates in the nucleus. 
Members of the CAS family were identified before the discovery that they function 
as transport receptors. The yeast CSEJ gene encodes a protein of 960aa and was 
initially found in a screen for mutations with a defect in chromosome gregation 
(Cselp) (Xiao et al., 1993). The mutation csel-1 was cold sensitive and over-
expression of Srplp rescued the cold sensitive phenotype and partially suppressed the 
chromosome segregation defect (Xiao et al., 1993). At the time this phenotype was 
not understood but can now be explained as a defect in Srplp export leading to its 
depletion from the cytoplasm, which is compensated by over-expression. 
The human CAS (hCAS) gene encodes a protein of 97 laa and was originally 
identified as cellular Apoptosis susceptibility gene in a screen for cDNAs that restored 
sensitivity to cells resistant to toxins used in the treatment of breast cancer 
(Brinkmann et al., 1995a; Brinkmann et al., 1995b). The hCAS gene consists of 25 
exons and the major mRNA encodes a protein that is homologous to CSElover its 
full length. However, other mRNA variants are generated by alternative splicing in a 
tissue-specific manner, potentially altering the transport of tissue-specific proteins 
(Brinkmann et al., 1999). hCAS, like importin a and importin 0, contains a repetitive 
domain (Brinkmann et al., 1995a), but this has not yet been structurally characterised. 
It seems likely that this domain is structurally related to the HEAT repeats in 
importin 0 and allows the communication with nucleoporins and cargo. 
hCAS mRNA is highly expressed in tumour cell lines, testis and fetal liver, tissues 
that contain actively dividing cells, and the protein is very abundant in proliferating 
tissues and nerve cells (Brinkmann et al., 1999; Wellmann et al., 1997). Furthermore, 
hCAS expression increases when resting human fibroblasts are induced to proliferate 
and decreases when they are growth-arrested. Therefore, hCAS appears to respond 
actively to cell proliferation. It was proposed (Brinkmann, 1998) that changes in 
WAS levels might be causative in promoting cell proliferation, possibly via a central 
regulatory pathway such as the mitogen-activated protein (MAP) kinase pathway, 
which regulates both cell proliferation and apoptosis (Seger and Krebs, 1995). The 
presence of a putative MEK phosporylation site in the hCAS N-terminal domain 
provided a potential link to the MAP-kinase cascade (Scherf et al., 1998). MEK is a 
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kinase that acts upstream of the MAP kinase in this pathway and it was proposed that 
MEK phosporylation determines whether hCAS localises predominantly in the 
cytoplasm or in the nucleus. However, while attractive, several of these conclusions 
are only weakly supported by the published experimental data. 
In MCF-7 breast cancer cells the hCAS protein was mainly expressed in cytoplasmic 
fractions, as identified by an antibody raised to the middle domain of hCAS (anti-
CAS3279). hCAS colocalised with microtubules (MTs) and the mitotic spindle but 
was shown to be only weakly associated with MTs (Scherf et al., 1996). In 
S.cerevisiae a fully functional Cselp-GFP fusion protein localised to the NE with a 
punctuate pattern, which is characteristic of NPC association (Hood and Silver, 1998; 
Soisbacher et al., 1998). This expression pattern is also observed for most other 
karyopherins. However, antibodies to Cselp mainly detected the protein in the 
nucleus and only sometimes at the NE (Soisbacher et al., 1998). Similar 
inconsistencies have been described for other karyopherins (the importin 3 and 
importin Ct families are often collectively referred to as karyopherins), which are very 
dynamic proteins constantly shuttling between the nucleus and cytoplasm. GFP 
tagging in living cells and fixation with methanol detects the protein at the NPCs, 
whereas fixation with formaldehyde often detects a cytoplasmic or nuclear protein 
expression and therefore the fixing procedure might not be efficient (Soisbacher et 
al., 1998). In general, the GFP result is more likely to be correct since less 
manipulation is required for its detection. Besides the localisation of hCAS to MTs 
and the mitotic spindle, there is other evidence that the CAS family might associate 
with MTs and play a role in mitosis, in addition to its function as a transport receptor 
in interphase cells. Cselp has a microtubule-related function, since csel-1 mutants 
were hypersensitive to nocodazole, a microtubule-disrupting drug (Xiao et al., 1993) 
and HeLa cells with reduced hCAS function arrest at the transition from G2 to M 
(Ogryzko et al., 1997). 
CSEJ is an essential gene (Xiao et al., 1993) and thus is one of only four essential 
transport receptors in yeast. Murine CAS (called CSE1L) is also essential, since mice 
homozygous for a CSEJL knockout showed embryonic lethality (Bera et al., 2001). 
This indicates that export of importin Ct cannot be performed by another transport 
receptor in the absence of CAS. 
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The importin a family of nuclear transport adaptors 
Importin a was the first soluble factor shown to be essential for active 
nucleocytoplasmic transport (Görlich et al., 1994; Imamoto et al., 1995; Weis et al., 
1995). The importin a (or karyopherin a) family is highly conserved with at least 
eight members in humans (Köhler et al., 1999; Mason et al., 2002) and one member 
in yeast, Srplp, which is essential for viability (KUssel and Frasch, 1995b; Yano et 
al., 1992). All importin a proteins have molecular masses of 50-6OkDa. Based on 
sequence similarity, the importin a proteins can be grouped into three subfamilies 
(Tsuji et al., 1997). Within one subfamily, the identity is at least 80%, whereas 
members of different subfamilies have about 50% sequence identity. All importin a 
proteins function as adpator molecules by binding simultaneously to its cargo (a 
protein containing a "classical" NLS) and to importin 3, the transport receptor that 
translocates the complex to the nucleus (Görlich et al., 1995). 
The cargo-binding domain of the importin a family is formed by eight (ten in yeast) 
armadillo (ARM) repeats, which were first observed in the Drosophila gene 
armadillo (Riggleman et al., 1989) and then identified in Srplp (Yano et al., 1994). 
The ARM repeats form the binding sites for NLS containing cargoes, but different 
NLSs use different subsets of ARM repeats (Herold et al., 1998). The binding of a 
monopartite NLS to the ARM repeats of a truncated form of yeast Srplp was 
confirmed by their co-crystal structure (Conti et al., 1998). Each ARM repeat consists 
of three helices and the ten ARM repeats are organised in a right-handed superhelix 
of helices. The NLS binds in a groove formed by the superhelix. ARM repeats are 
structurally related to HEAT repeats and it is therefore assumed that the importin 
and importin a families evolved from a common ancestor (Malik et al., 1997). 
Furthermore, the ARM repeats, like HEAT repeats, are able to bind to FG domains of 
nucleoporins, as shown for yeast Srplp binding to the nucleoporin Nup2p, which is 
located on the nuclear side of the pore complex (Booth et al., 1999; Hood et al., 
2000). A 41 amino acid (aa) motif in the N-terminal region is the importin-3-binding 
(IBB) domain (Görlich et al., 1996a; Weis et al., 1996), and therefore represents 
another nuclear import signal. This binding was confirmed by the crystal structure of 
human importin-3 bound to the IBB domain of importin a, which demonstrated that 
the 19 tandemly repeated HEAT motifs of importin 1E wrap intimately around the IBB 
of importin a (Cingolani et al., 1999). The C-terminus of the importin a family is 
very acidic and includes a stretch of approximately 120aa that is responsible for the 
nuclear export of importin a by CAS (Herold et al., 1998). Importin a does not bind 
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to CRM1 in vitro and it was shown that CRM1 does not function as an exportin for 
importin a, despite the apparent presence of a leucine rich NES sequence. 
It is not yet clear why so many different importin a homologues exist in higher 
eukaryotes. Different members of the mouse and human importin a family show 
some tissue specificity (Köhler et al., 1997; Tsuji et al., 1997). The human 
importin a 4, for example, is highly expressed in skeletal muscle, whereas 
importin a 1 and importin a 2 are almost absent from skeletal muscle (Nachury et al., 
1998). These results suggest that the different members of the importin a family may 
perform tissue-specific functions. Importin a family members seem to be able to 
import any NLS containing cargo and only RCC1 is known to show a strong 
preference for importin 0, compared to the other importin as (Kohler et al., 1999). 
However, when importin a family members were in competition, specific differences 
in the efficiencies of import of different substrates were seen (Köhler et al., 2001; 
Kohler et al., 1999). 
Ran also functions in mitosis and NE assembly 
Nucleocytoplasmic transport takes place only in interphase cells. During mitosis the 
NE breaks down allowing mixing of nuclear and cytoplasmic factors. However, the 
Ran gradient persists throughout the cell cycle and not only regulates transport during 
interphase, but also identifies the vicinity of chromatin during mitosis. RCC1 is 
tightly bound to chromosomes at all stages of the cell cycle and therefore consistently 
converts RanGDP into RanGTP near the chromosomes. During mitosis, importin a 
and importin 13  sequester an aster promoting activity (APA) in an inactive form in 
regions where RanGTP is low. Increased levels of RanGTP near the chromosome 
promote local dissociation of APA components from complexes containing 
importin a and importin P. In these high RanGTP regions, importin P associates with 
RanGTP maintaining it in an inactive state until RanGAP1 and Ran BPI catalyse 
RanGTP hydrolysis. After dissociation from importin complexes, APA becomes 
active in promoting MTs assembly. (Gruss et al., 2001; Nachury et al., 2001; Wiese 
et al., 2001; Wilde et al., 2001) and for review see (Dasso, 2001). It had long been 
suspected that transport factors were involved in mitosis. For example, mutations in 
several yeast components led to defects during mitosis. Yeast mutant for SRPJ arrest 
in G2 to M phase transition (Loeb et al., 1995), while Cselp (Xiao et al., 1993) was 
cloned in a screen for defects in chromosome segregation. Cold-sensitive mutations 
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in CRMJ in Schizosaccharomyces pombe showed atypical chromatin structure when 
cultured at a restrictive temperature (Adachi and Yanagida, 1989). 
In addition, Ran functions in the re-formation of the nuclear envelope at the end of 
mitosis (Hetzer et al., 2000) and (Zhang and Clarke, 2001), promoting the 
recruitment and fusion of a specific class of membrane vesicles that were generated 
at NE breakdown at the start of mitosis. 
Nucleocytoplasmic transport as a regulator of development 
The mechanism of nucleocytoplasmic transport has been extensively characterised in 
single celled systems, such as HeLa cells, Xenopus oocytes and S.cerevisiae. It is 
essential for cell viability, but probably also plays important roles in regulating the 
cell-cycle (Yang and Kornbluth, 1999). Cell-cycle control is largely regulated by 
cyclin synthesis and destruction as well as specific phosphorylation and 
dephosphorylation events of cyclin dependent kinases (CDK). However, it has been 
shown that different CDK-cyclin complexes use different transport pathways (Gallant 
et al., 1995; Moore et al., 1999), which suggests that nucleocytoplasmic transport is 
an additional level of cell-cycle control. 
Furthermore, cells can use regulated transport as a molecular switch to control the 
transcription of genes (Kaffman and O'Shea, 1999). Nucleocytoplasmic localisation 
of proteins can be regulated by their phosphorylation, by cytoplasmic tethering or the 
masking of their localisation signal. An example of regulation by phosphorylation is 
the transcription factor Pho4p in Saccharornyces cerevisiae (Kaffman et al., 1998). In 
high phosphate conditions, phosphorylated Pho4p shuttles continuously in and out of 
the nucleus, whereas in low phosphate conditions Pho4p is dephosphorylated and is 
no longer capable of interacting with its export receptor Msn5p. Trapped in the 
nucleus, Pho4p can activate its target genes. An example of cytoplasmic tethering is 
the neuroblast-specific transcription factor Prospero, which is inactive in the 
cytoplasm, where it is tethered to the basal cortex by the Miranda protein prior to cell 
division into a ganglion mother cell (IkeshimaKataoka et al., 1997; Shen et al., 1997). 
However, binding to Miranda is only one level of nuclear exclusion since Prospero 
also contains a CRM 1-dependent NES that overlaps with its DNA binding domain 
(Demidenko et al., 2001). This is an example of the masking of a localisation signal 
and will be described in more detail below. 
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The potential role of nucleocytoplasmic transport during development has received 
little attention. Details of transport events involved and the extent to which transport 
factors actively participate in determining develpomental pathways in multicellular 
organisms remain largely unknown. The fruitfly Drosophila offers excellent potential 
for combining genetic, molecular and cytological approaches to address the specific 
roles of transport factors in development. 
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Drosophila melanogaster has been used as a model system for development for 
around 100 years. This has allowed the development of excellent resources, as vast 
numbers of genetic interactions are reported in the literature and collated in a 
centralised database (Flybase). Furthermore, Drosophila melanogasrer has emerged 
as an attractive model system for the study of signalling pathways and developmental 
pathways, such as asymmetric cell division. Additionally, the bioinformatics field has 
advanced rapidly and many computer programs for the analysis of sequences by their 
homologies, secondary structure, motifs and open reading frames have become 
publicly available. Substantial progress has also been made collating information 
about genes and the corresponding proteins, the basis of the fields of genomics and 
proteomics, which now are highly valuable resources. The function of genes and 
even whole gene families can often be predicted by homology searches against 
databases from other organisms. The first complete genomic sequence of a free-
living organism, the bacterium Haemophilus influenzae, was published in 1995 
(Fleischmann et al., 1995) and many single celled genomes have now been 
sequenced. The first eukaryotic genome to be fully sequenced was Saccharomyces 
cerevisiae (Goffeau, 1997), followed by the nematode Caenorhabditis elegans 
(Ainscough, 1998) and the plant Arabidopsis thaliana 
(Thearabidopsisgenomeinitiative, 2000). During the course of this thesis the entire 
Drosophila melanogaster genome sequence was released in a collaboration between 
the Berkeley Drosophila Genome Project (BDGP) and Celera Genomics (Adams et 
al., 2000). All the work described here was performed in the species Drosophila 
melanogaster, which will therefore be simply referred to as Drosophila. 
Nucleocytoplasmic transport in Drosophila 
Relatively little analysis of the components of the nucleocytoplasmic transport 
machinery has been reported from Drosophila. When this project commenced, only 
two nucleocytoplasmic transport factors, one importin a homologue and importin 13, 
had been identified in Drosophila. These had been found in screens that were not 
obviously related to transport and their function as transport factors was established 
only after the characterisation of the homologues in yeast and mammals. 
Ketel was isolated in a screen for dominant female sterile mutations (Szabad et al., 
1989) and subsequently identified as the Drosophila homologue of importin 13 
(Erdelyi et al., 1997). ketel null mutations were found to be larval lethal and the Ketel 
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gene is ubiquitously expressed with an enrichment in the embryonic central nervous 
system and the gonads. The protein was mainly cytoplasmic with enrichment at the 
NE. It was subsequently shown that Ketel acts as a transport factor, based on the 
import of fluorescently labelled nucleoplasmin with an IBB (importin f3 binding 
domain; see above) (Lippai et al., 2000). Furthermore, expression of a dominant 
negative, truncated form of human importin 3 inhibited the function of Drosophila 
Ketel, confirming their functional homology (Kumar et al. 2001). 
The homologue of human importin ct2 was identified independently as a tumour 
suppressor Oho3 1 (for overgrown hematopoietic organs-3 1) that regulates cell 
proliferation (Török et al., 1995) and as Pendulin (so named because it shuttles 
constantly between the nucleus and cytoplasm) (KUssel and Frasch, 1995a). Here it 
will be referred to as importin-a2. The mRNA is expressed ubiquitously with 
enrichment in the embryonic central nervous system. The subcellular protein 
distribution is dependent on the cell cycle. During interphase importin-cx2 protein is 
exclusively cytoplasmic in embryonic cells but increases dramatically in the nucleus 
at the onset of mitosis shortly before NE breakdown. It is expressed both maternally 
and zygotically and predominantly in the dividing neuroblasts in the larval central 
nervous system (CNS). It was found to be a non-essential gene. 
The Drosophila homologue of importin-a3 was subsequently identified and, unlike 
importin-a2, is encoded by an essential gene. Importin-0 was independently 
identified in two-hybrid screens for binding partners for germ cell-less (gd) 
(Dockendorff et al., 1999) and the large subunit of DNA polymerase a (Mathe et al., 
2000). In both papers the distribution of importin-a3 mRNA was reported to be 
ubiquitous. Importin-0 protein was abundant throughout development in contrast to 
importin-a2, which is very high in early embryos but then declines sharply. It was 
therefore suggested that importin-a3 has the major "house-keeping" function. A two-
hybrid screen with the Drosophila heat shock transcription factor (dHSF) as bait also 
identified importin-a3 (Fang et al., 2001). The dHSF is responsible for the heat-
induced transcription activation of heat shock proteins (HSPs). However, embryos 
remain refractory to heat shock until cycle 13 and it was previously shown that dHSF 
moves to the nucleus just prior to cycle 13, independent of heat shock (Wang and 
Lindquist, 1998). Fang et al. reported that neither importin-a3 protein nor mRNA is 
detected before embryonic stage 13 (Fang et al., 2001), but these data contradict the 
protein and mRNA analyses previously reported (Dockendorff et al., 1999; Mathe et 
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al., 2000). Developmental regulation of the nuclear localisation of dHSF by importin-
0 was therefore proposed to play a key role in the establishment of the heat shock 
response in the early embryo. The activity of other transcription factors might also be 
regulated by their nuclear import. 
Until very recently, only one other member of the importin a family, importin-ctl, 
had been submitted to the Genbank database (by Mason and Goldfarb). Shortly 
before submission of this thesis, the sequence of importin-al was published along 
with another importin-a homologue (Mason et al., 2002). The authors studied the 
sterile phenotypes of homozygous viable, null mutants of importin-o:2. Male sterility 
can be rescued by over expression of either importin-o:1, importin-ct2 or importin-0, 
whereas female sterility can only be rescued by importin-a2, indicating that 
importin-o:2 plays a specific role in oogenesis (Mason et al., 2002). 
Screens for expressed sequences in the Drosophila chromosomal region 29C 
identified the cDNA encoding the homologue of CRM1 (Collier et al., 2000). It was 
called embargoed (emb), as mutations in the gene showed export defects for actin 
protein, which is exported by CRM1 in human cells (Wada et al., 1998). The emb 
transcript is ubiquitously expressed during embryogenesis and mutations in emb are 
lethal in second instar larvae. However, emb expression seems to increase when the 
tissue is well developped, suggesting that Emb protein is required for the function or 
maintenance of these tissues rather than for their formation (Collier et al., 2000). It is 
likely that Emb functions like human CRM 1 and has a wide range of export cargoes, 
which are recognised either by a "classical" leucine rich NES or other export motifs 
(see above). One export cargo for emb in Drosophila, which has a "non-classical" 
NES, is Prospero (Demidenko et al., 2001). Prospero is a homeodomain transcription 
factor, which is cytoplasmic in neuroblasts of the embryonic central nervous system 
(CNS). Neuroblast division generates a ganglion mother cell (GMC) and a neuron. 
Prospero is segregated only into the GMC, where it is exclusively nuclear (Hirata et 
al., 1995; Spana and Doe, 1995) and establishes GMC-specific transcription (Vässin 
et al., 1991). The export signal of Prospero lies within the DNA binding domain, 
suggesting that Prospero may be unable to function as a transcription factor while 
bound to its export receptor, Emb. The highly conserved Prospero domain (PD) acts 
as a masking sequence for export, since the absence of the PD leads to constitutive 
export. Transcription activation by Prospero is therefore regulated, at least in part, by 
its nuclear export (Demidenko et al., 2001). 
FI 
Chapter 1 	 Introduction 
A further recently identified importin 0 family member, Drosophila importin-7 
(DIM-7) is the import receptor for the MAP kinase, D-ERK (Lorenzen et al., 2001). 
Nuclear import of D-ERK initiates changes in gene expression in response to 
receptor tyrosine kinase signalling (Chen et al., 1992). DIM-7 null mutations are late 
embryonic to larval lethal and the protein is expressed ubiquitously with a dynamic 
subcellular distribution. In strains mutant for moleskin, the gene that encodes DIM-7, 
D-ERK levels are dramatically reduced in the nucleus. However, mutations in kerel 
(the importin (3 homologue) also reduce nuclear accumulation of D-ERK. Human 
importin (3 and importin-7 can function singly or as a heterodimer (see above) and 
these observations suggest that this may also be the case for DIM-7 and Ketel 
(Lorenzen et al., 2001). 
The importin a family and at least some members of the importin 13 family have 
structurally related ARM and HEAT repeats, respectively. However, many proteins 
that do not belong to these families also contain ARM or HEAT repeats (Groves and 
Barford, 1999; Neuwald and Hirano, 2000). Convincing data from other fields 
implicate that indeed other proteins can function as transport factors. For example, 
the APC (denomatous polyposis Qoli) proteins in humans and Drosophila have 
ARM repeats and translocate independently from known transport pathways (Rosin-
Arbesfeld et al., 2000). The best understood function of APC proteins is the 
destabilisation of 13 catenin, a key effector of the Wnt signalling pathway. The ARM 
repeats could allow APC to interact with the FG repeats of nucleoporins, as 
karyopherins do (for a recent review see (Bienz, 2002)). (3catenin is the human 
homologue of Drosophila Armadillo, in which the ARM repeats were first identified 
(see above and (Riggleman et al., 1989)). Bidirectional translocation of 13 catenin 
occurs independently of Ran and karyopherins (Fagotto et al., 1998; Wiechens and 
Fagotto, 2001), making it likely that 0 catenin translocates on its own due to its ARM 
repeats. A few other proteins have been shown to translocate independently of 
karyopherins, and it seems likely that more will be found. 
All the nucleocytoplasmic transport factors of the importin (3 and importin a family 
identified to date in Drosophila are highly homologous (50-70% identity) to the 
human proteins. The "house-keeping" functions of transport factors that have been 
identified in Drosophila seem similar to their mammalian homologues. Most 
transport factors examined are expressed in all tissues, with subcellular localisation 
that depends on the cell cycle. Null mutations are often late embryonic or larval 
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lethal, suggesting that maternally supplied protein is sufficient to support normal 
embryonic development. 
Since the cloning of the first transport factor (Görlich et al., 1994) nucleocytoplasmic 
trafficking has been extensively studied. Many aspects of nucleocytoplasmic 
transport are now understood, but evidence for the importance of transport in the 
regulation of developmental processes has only recently started to emerge. There is 
clear but sporadic evidence for the role of nucleocytoplasmic transport in regulating 
the activity of transcription factors. Understanding of how general this role is will 
require further detailed analysis, in particular the study of mutations in transport 
factors, their expression pattern and genetic interactions. 
Drosophila development 
Female Drosophila have a pair of ovaries, each composed of 16-20 ovarioles, which 
represent independent egg production lines. Ovarioles usually contain 6-7 
developping egg chambers, which become sequentially more mature as they move 
posteriorly within the ovariole. The egg chambers are produced in a specialised 
region, the germarium, at the anterior of the ovariole, which contains somatic and 
germline stem cells. Egg chambers, which emerge from the germarium contain 15 
nurse cell nuclei and one oocyte, surrounded by a layer of somatic follicle cells. (for 
reviews see (King, 1970; Mahowald and Kambysellis, 1980) and (Spradling, 1993)). 
The nurse cells are polyploid and perform nutritive roles for the oocyte. Proteins and 
mRNAs synthesised in the nurse cells are transported into the oocyte and the 
developping oocyte expands to take up an increasing proportion of the egg chamber. 
Eventually, the nurse cells become confined to a small volume at the anterior of the 
egg chamber as the contents of their cytoplasm are dumped into the enlarging oocyte. 
The nurse cells then break down. Meanwhile, the follicle cells migrate to cover the 
entire oocyte and secrete specialised layers of eggshell consisting of a waxy vitelline 
membrane under a layer of chorion. The eggshell protects the embryo after it is laid, 
preventing it from drying out, but provides it with oxygen through two dorsal 
appendages. 
The sperm enters through the micropyle and fertilises the egg. After fusion of the 
sperm and egg nuclei, there is rapid nuclear division, but no cell membranes form, 
the result being a syncytium of many nuclei in a common cytoplasm. The nuclei then 
move to the periphery to form the syncytial blastoderm. Finally, cell membranes 
develop giving rise to the cellular blastoderm. Development to this point is 
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programmed largely by factors provided during oogenesis. Although the translation 
of some maternally derived transcripts begins as soon as the embryo is fertilised, 
zygotic transcription does not begin appreciatively until cycle 10. Embryonic gene 
expression then increases during cycles 11-13 and reaches a high level by interphase 
14 (reviewed in (Foe et al., 1993). During interphase 14, many maternal transcripts 
are specifically targeted for degradation allowing the control of development to pass 
from maternal to zygotic control (Bashirullah et al., 1999). Gastrulation starts when 
the future mesoderm in the central region invaginates to form a furrow along the 
ventral midline (the germ band). Later on the germ band elongates, which is also 
known as germ band extension. The germ band later retracts as embryonic 
development is completed. 
Approximately 24 hours after egg disposal (AED) the embryo hatches out as a 
feeding larva. The larva grows and goes through two molts, resulting in three instar 
larval stages. Larvae do not have adult structures, such as wings, legs, antennae, and 
halteres, but the information for these are already contained in the imaginal discs. 
Furthermore, the larvae have characteristic pigmented denticle belts and other 
cuticular structures on their ventral side. After 5 days third instar larvae start to 
pupate and undergo metamorphosis into adults. The whole cycle takes approximately 
ten days at 25°C. 
This thesis reports an analysis of the role of the nucleocytoplasmic transport factor 
Dcas in Drosophila development. Mutations in the dcas gene are shown to cause a 
specific developmental phenotype in the external sensory organ (ESO), which 
originates from the peripheral nervous system (PNS) of the fly. The nervous system, 
and the development of the ESO in particular, is therefore described in more detail. 
The nervous system 
The Drosophila CNS develops from the ventral neurogenic region after gastrulation. 
Single cells of the neurogenic region enlarge and become specified as neuroblasts. 
Each neuroblast undergoes repeated asymmetric division, in each case pushing a 
smaller cell further into the embryo while the neuroblast remains on the outside. The 
smaller cells are ganglion mother cells (GMCs), which will eventually give rise to a 
series of neurons and glial cells (reviewed by (Goodman and Doe, 1993)). 
The PNS consists of sensory and motor components. The sensory neurons have their 
dendrites and cell bodies located in the periphery of the animal and their axons 
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projecting into the CNS. Drosophila has distinct larval and adult PNSs. The larval 
PNS forms during embryogenesis but the great majority of the larval sensory neurons 
degenerate around the time of pupation. Imaginal discs then give rise both to adult 
epidermal cells and to sensory organs (SOs). Various types of sensory information 
are provided to the fly via morphologically diverse SOs, both external and internal. 
The external sensory organs (ESOs) act as mechanoreceptors or chemoreceptors and 
the internal sensory organs are chordotonal organs, which monitor stretching. 
Generally, each sensory organ is produced from a single sensory organ precursor 
(SOP) cell via a stereotypic sequence of asymmetric cell divisions, producing a fixed 
number of neurons and a unique set of accessory cells. The smaller mechano-sensory 
organs on notum and head of the adult fly are termed microchaetae, while the larger 
ones are macrochaetae. More than 100 microchaetae are evenly spaced over the 
notum, whereas the 40 macrochaetae on head and notum of the adult fly are precisely 
positioned at invariant locations (see Figure 7-1 A for positions of macrochaetae) 
(Hartenstein and Posakony, 1989; Usui, 1993). This project investigated the 
formation of the macrochaetae and microchaetae on head and notum of the fly and 
these will therefore be described in further detail. 
Formation of macrochaetae and microchaetae 
The final mechano-sensory organ consists of four cells (see Figure 1-2 A). The outer 
cells, which lie within the epidermal layer are the shaft (or 'bristle', which originates 
from the trichogen cell) and the socket (which originates from the tormogen cell). 
The sheath (which originates from the thecogen cell) and the neuron are located sub-
epidermally. These four different cells arise from a single sensory organ precursor 
cell (SOP). The SOP is singled out from the surrounding cells by lateral inhibition, 
mediated by the Notch signalling pathway (for reviews see (Posakony, 1994) and 
(Artavanis-Tsakonas et al., 1995)). Once a neural precursor has been specified, 
selector genes such as cut and poxneuro are required to initiate the correct 
developmental program to generate a particular sensory organ (Blochlinger et al., 
1991; Bodmer et al., 1987; Dambly-Chaudiere et al., 1992). The cut gene encodes a 
nuclear homeodomain protein (Cut), which is expressed in all cells of the ESO 
lineage. The SOP cell undergoes several rounds of asymmetric cell division to 
generate the cells of the final ESO (see Figure 1-2 B). The SOP divides into a pIta 
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Figure 1-2 	 The external sensory organ 
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Figure 1-2. The external sensory organ consists of four cells, which are determined by 
extrinsic and intrinsic cell signals. 
A. The mechano-sensory organ of Drosophila neianogaster is an external sensory organ, which 
consists of four cells. The two outer cells are the socket (yellow) and shaft (blue), and the two inner 
cells are the sheath (green) and neuron (red). B. The sensory organ precursor (SO!') cell is specified by 
a lateral inhibition mechanism involving the Notch signalling pathway. In the SOP cell Notch 
signalling is inhibited by the binding of Hairless (H) to Suppressor of Hairless (Su(H)). Neighbouring 
cells receive a signal from Delta (1)1) presented on the cell surface, which causes cleavage of Notch (N) 
and activates the Notch signalling cascade. A series of divisions generate the ESO, with cell fate 
determined by both intrinsic signals, including the asymmetric distribution of Numb (indicated by an 
orange side) and extrinsic cell signalling, including the Delta/Notch pathway. The times on the right 
indicate the Limes of individual cell divisions in the microchaetae after puparium formation (APF). 
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cell, which will generate the external socket and shaft cells, and a pub cell. The pub 
cell divides into a glial cell, which subsequently degenerates, and the pilib cell that 
generates the sheath and neuron. During these divisions, the fates of the daughter 
cells are determined by extrinsic and intrinsic signals. 
The best studied example for an extrinsic mechanism determining the cell fate in the 
ESO is the Delta/Notch signalling pathway, which also mediates cell-cell 
communication in eye development, muscle development, oogenesis and 
neurogenesis. N is a transmembrane receptor that recognises the presence of its 
ligand Delta produced by neighbouring cells. Following binding of Delta the N 
intracellular domain (NICD) is released by three proteolytic cleavages (Lecourtois 
and Schweisguth, 1998; Schroeter et al., 1998). The NICD translocates to the nucleus 
(Struhl and Adachi, 1998) where it binds and activates the transcription factor 
Suppressor of Hairless (Su(H)) and other targets including tramtrack (ttk). Su(H) then 
binds and activates target genes (Bailey and Posakony, 1995) including the E(spl) 
complex and achaetae scute genes, which determine the cell fate of the SOP cell. 
An example of an intrinsic mechanism is the asymmetric distribution of Numb (Nb), 
which is localised to one pole of the SOP and segregated to only the pub cell 
(Knoblich et al., 1995; Rhyu et al., 1994). At the next division only the pIlIb cell 
inherits Nb (Gho et al., 1999; Reddy and Rodrigues, 1999a) and when the pilib cell 
divides in turn Nb is segregated to only the neuron. In the pila cell Nb is re-
synthesised and again asymmetrically distributed, so that upon division only the shaft 
cell inherits Nb. 
The extrinsic and intrinsic mechanisms intersect in the role of Nb, which binds 
directly to Notch and prevents Delta/Notch signalling (Guo et al., 1996). The 
asymmetric partitioning of Nb therefore leads to the unequal activation of N. 
Moreover, Su(H) cannot activate transcription if it is bound by the Hairless (H) 
protein (Brou et al., 1994), which also acts as an antagonist of N-signalling (Bang et 
al., 1995; Bang and Posakony, 1992; Maier et al., 1992). 
Loss of Notch results in a final cell cluster that consists of four neurons (Hartenstein 
and Posakony, 1990) whereas over expression of the NICD results in four socket 
cells (Guo et al., 1996). In contrast, mutations in numb produce four socket cells and 
over expression of Nb causes a four neuron phenotype (Rhyu et al., 1994). However, 
these perturbations do not always occur at each cell division. Depending on the 
penetrance or 'strength" of the mutation, only some of the divisions may be affected 
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leading to pairs of final cells. For example, some mutations in Hairless lead to a 
double socket phenotype, with normal inner cells, sheath and neuron (Bang et al., 
1991). This indicates that only the division of the pIla cell was affected, with Notch 
signalling active in both daughter cells leading to their adoption of the socket cell 
fate. However, in stronger Hairless alleles four socket phenotypes are most common, 
indicating that the SOP divided into two pila cells and then each pIla cell into two 
sockets. The strongest Hairless alleles are missing the entire ESO, because in wild-
type cells H protects the SOP cell from Notch signalling and therefore from 
epidermal fate. Hyperactivity of Hairless after SOP determination causes four 
neurons, mimicking the loss of Notch function (Bang and Posakony, 1992). 
The ESO of Drosophila has proven to be a very accessible model for investigating 
the mechanisms of cell fate determination. The structures are non-essential and the 
four cells of the ESO are readily visible allowing developmental phenotypes to be 
assessed. The determination of the final cell constellation of the ESO is due to the 
interplay of a series of intrinsic and extrinsic signalling mechanisms. The Notch 
signalling pathway involves the nucleocytoplasmic transport of several proteins, 
including the NICD, Su(H) and H, suggesting the possibility that alterations in 
transport activity might regulate signalling. 
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Aims of this study 
The aim of this study was to investigate possible functional roles of 
nucleocytoplasmic transport factors in the development of a multicellular organism. 
As an initial step, nucleocytoplasmic transport factors were therefore identified in 
Drosophila. One newly identified factor, called Drosophila cas (dcas), because of its 
homology to WAS (e1lular gpoptosis susceptibility factor), showed a surprisingly 
specific expression pattern and mutations in the gene result in specific developmental 
phenotypes. The detailed analyses of these are described and possible regulatory 
functions during development of the peripheral nervous system are discussed. This is 
the first description of Drosophila CAS or its connection to specific functions in the 
nervous system. 
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Molecular Biology 
Solutions and Reagents 
Solutions were made up as described in Molecular Cloning - A Laboratory Manual, second edition 
(Sambrook et al., 1989) unless otherwise stated. All reagents used to prepare buffers and solutions 
were from Sigma, BDH, Flowgen or Fisher unless otherwise stated. Restriction enzymes were 
purchased from Roche (formerly Boehringer Mannheim) or New England Biolabs (NEB), and were 
used according to the manufacturers instructions. Other enzymes were from Roche, NEB, Pharmacia, 
Promcga or Stratagene. 
EST clones 
The EST clones were obtained from the Berkley Drosophila genome project (BDGP). The LD library 
contains Drosophila melanogaster mixed stage (0-24hrs) embryonic cDNA. It was cloned into 
BlucscriptSK vector using the ZAP cDNA synthesis kit from Stratagene (made by Ling Hong). The 
cDNAs were cloned into the unique polylinker sites, EcoRl (5') and XhoI of the Bluescript vector. 
The 5' sequence of LD14270 (dcas), LD12436 (emb), LD10286 (imp-c(3) and LD15058 (dtrn) were 
obtained from the BDGP database. All four clones were sequenced using T7 and T3 primers, to 
confirm that the correct clones were obtained and tested whether the predicted full length ORFs were 
included in the cDNA. Clone LD14270 (dcas) was sequenced on both strands by primer-walking (see 
Chapter 4). 
Bacterial Growth 
For amplification of plasmid DNA, Escherichia coil strain XLI Blue (Stratagene) was grown in Luria-
Bertani (LB) medium (1% Bacto-tryptone; 0.5% Yeast extract; 1% Sodium Chloride; pH adjusted to 
7.2 with 5 N NaOH). The LB medium was made and autoclaved by the ICMB media kitchen. 
Competent cells were prepared using the CaCl 2  procedure described in Sambrook et al., 1989. 
Competent cells were thawed on ice and mixed with the DNA to be transformed. Cells were placed on 
ice for 15min and then heat-shocked at 42CC for 2mm. Immediately after heat-shock, cells were placed 
on ice for 5mm. 1 ml of LB medium was added and incubated for 30n -d at 37*C with gentle shaking to 
allow recovery. The cells were then spread onto LB plates supplemented with 50.tgJml of amnpicillmn 
and incubated at 37'C overnight. If larger amounts of bacterial material was needed (e.g. for 
Midipreps), cultures were grown in glass flasks at 37'C in LB containing ampicillin. 
Purification of plasmid DNA 
27 
Chapter 2 	 Materials and Methods 
Minipreps of plasmid DNA were performed using Qiaprep Spin miniprep kit from Qiagen. The 
procedure consists of three basic steps: preparation and clearing of a bacterial lysate, adsorption of 
DNA onto the QlAprep membrane and washing and elution of plasmid DNA. Where more DNA was 
required, a Qiagen midiprep kit was used to purify larger amounts of plasmid DNA according to the 
manufacturers instructions. 
Standard DNA precipitation 
DNA was generally purified after PCR, sequencing reactions and ligations using this Standard DNA 
precipitation method. 1/10 volume 3M Sodium Acetate pH5.2 was added and vortexed. 2volumes of 
100% cold Ethanol were added (approx. to a final of 70% EtOH). For efficient precipitation the 
sample was kept at —20°C for 10 minutes followed by a centrifugation at 4°C (generally for 30 
minutes). The supernatant was discarded and the pellet washed with cold 70% EtOH. The pellet was 
dried in a Speed Vac and either resuspended in appropriate amounts of water or TE (10mM Tris-HCI, 
pH 7.5; 1 mM EDTA) or passed dried to the Sequencing service. 
Agarose gel electrophoresis 
DNA fragments were separated on 0.8-1.4% agarose gels. Gels were prepared by melting the 
appropriate amount of multi purpose agarose in 1 x TAE and adding ethidium bromide to a final 
concentration of 0.2tg/ml. Prior to loading, DNA samples were mixed with 6x loading buffer. DNA 
standards of known molecular size were also loaded on the gel (generally a 1kb ladder from NEB), so 
that the size of DNA fragments could be easily identified. Electrophoresis was performed in lx TAE at 
100V until the dye front had migrated the desired distance and the DNA was visualised by UV 
illumination. 
DNA sequencing 
In the beginning of the project the T7 DNA Sequencing kit from Pharmacia was used to manually 
sequence most of the dcas eDNA clone. The samples were prepared following the manufacturers 
instructions and run on a 6% polyacrylamide (19:1 acrylamide:bisacrylamide) sequencing gel 
containing 8.3M urea. Subsequently, a Big Dye DNA sequencing kit (Perkin Elmer Applied 
Biosystems) was used according to the manufacturers instructions in a 10p.1 reaction containing 4p.l of 
Big Dye mix and 1 .6pmols of primer. The amounts of template DNA used for sequencing was 
typically 0.3p.g for PCR products and plasmid DNA. 
Cycle conditions used for sequencing reactions were 25 cycles of melting at 96°C for 30 seconds, 
annealing at 50°C for 30 seconds followed by elongation at 60°C for 4 minutes. Reactions were 
performed in a Biometra Thermal Cycler. Sequencing reactions were precipitated following the 
standard DNA precipitation protocol (see above). Reactions were analysed on an AB1377 sequencer 
by the sequencing service at ICMB, University of Edinburgh. All primers used are listed in Appendix 
C. 
To obtain the sequence of the P-element insertion site of homozygous viable flies (see Chapter 5), 
genomic DNA was prepared as described above and a PCR performed using approximately 200ng 
genomic DNA and primer set HT2I/HTIO or HT21/HT25 (1.6pmole of each primer). The PCR 
product was used for the automated sequencing reaction described above, followed by the standard 
precipitation and given to the sequencing service at ICMB to sequence. 
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PCR 
Standard conditions for a 50jsI reaction were: 
SOng 	 genomic template 
10-30ng Plasmid DNA 
Ix 	 PCR buffer containing 15mM MgCl 2 (Roche) 
0.2mM 	Ultrapure dNTPs (Amersham) 
1tM each forward and reverse primers 
2.5U 	 Taq Polymerase (Roche) 
The reaction was made to its final volume with sterile distilled water. 
TAQ Plus Polymerase (Stratagene) was used, or Vent polymerase (NEB) for applications that required 
higher fidelity. 
The standard PCR program used was a 94°C hot start for 5min during which the polymerase was 
added, since it is more efficient when added to the denatured strands. This was followed by 35 cycles 
of denaturing at 94°C for 30sec, annealing at 55-65°C for 30sec and elongation at 72°C for 30sec. A 
final elongation step at 72°C was carried out for 10mm. Primers used are listed in Appendix C. The 
annealing temperature varied depending on the melting temperature (T m) of individual primer sets. The 
extension time was increased up to 2min for longer products, and the annealing temperature was raised 
to increase specificity. For amplifying larger products from genomic DNA, TaqPlus Long (Stratagene) 
was used with High Salt Buffer, and 1tl of DMSO was added to the reaction. This was used for PCR 
amplification of the insertion site of the lethal P-element excision alleles, to determine whether a large 
piece of remaining P-element was the cause of lethality (see Chapter 5). A Biometra thermal cycler 
was used for all PCR reactions with the lid temperature set to 110°C. 
Synthesis of Dig labelled RNA probes 
DIG labelled RNA probes were synthesised by in vitro transcription using an RNA DIG labelling kit 
(Roche) according to the manufacturers instructions. l.tg  of linearised piasmid DNA containing the 
appropriate cDNA sequence was used as a template for transcription by T3 or T7 polymerase in the 
presence of 20 Units of RNasin RNase inhibitor (Promega). The reaction was generally stopped by 
addition of 0.2M EDTA (10% of total reaction). 
P1 blot 
The Drosophila P1 blot was purchased from Genome Systems Inc. and contains a Drosophila P1 
genomic clone library spotted on a nylon filter as individual clones. Using the DIG RNA probe at a 
concentration of approx. 0.05mg/mi a Southern hybridisation was performed as recommended for DIG 
labelled probes by Roche. Each independent clone was spotted on the membrane in duplicate in a 
specific pattern that can be identified with help of the manufacturer's instructions. For LD14270 seven 
positive clones were obtained, five of which mapped to cytological position 36B1-B2, one mapped to 
position 34F and for one clone there was no information available (Figure 4-5A). 
Purification of genomic DNA from P1 and cosmid clones 
The clones identified by the P1 blot were obtained from Michael Ashburner's laboratory at the 
Department of Genetics at Cambridge University. The Pt clones are in vector pAdlOSacBII, which 
contains the selective markers Kanamycin and Ampicillin. E-coli containing the genomic plasmids 
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were grown in 2m1 overnight cultures in LB medium containing Kanamycin or in LB medium 
containing Ampicillin. Minipreps were performed using P1, P2 and P3 buffer from the Qiagen kit, but 
not the spin columns. DNA was only obtained for clone DS00629, which is the smallest clone. It is a 
common problem that very large plasmid clones are difficult to grow under standard conditions. The 
clones 56C8 and 87D10 were in Lorist6 vector (described in Chapter 4). This cosmid library was 
constructed by Inga Siden-Kiamos at the Institute of Molecular Biology and Biotechnology in 
Heraklion, Greece. 
Dcas Antibodies 
Peptides with sequences from the predicted N-terminus (CDPNVRRPAEKLLESTELQQ) and C-
terminus (CEPEYKQVLQKYCDQ) regions of Dcas were designed by Dr. Ilan Davis. Synthesis and 
coupling to KLH was performed by Albachem (Joseph Black Chemistry Building, The University of 
Edinburgh, Scotland). 22m1 of each peptide were obtained at a concentration of 460jiglml (C-terminal 
peptide) and 454p.g/ml (N-terminal peptide). Before injection of the peptides, pre-immune sera from 
six rabbits was first pre-absorbed with wild-type embryos and then tested for background staining in 
wild-type embryos, as some sera show a strong cross-reaction in tissue. Four rabbits with the least 
background were chosen for immunisation. Per injection, 2501.tl (approximately 1 14tg) of each 
peptide were injected into two rabbits. Injections into rabbits were performed by the Scottish Antibody 
Production Unit (SAPU, now called Diagnostics Scotland). Five bleeds of each antibody were 
obtained. While testing of these bleeds was still in progress by Western-blotting and 
immunofluorescence on wild-type tissue, it was discovered that Lynn Cooley's lab at the Yale 
University School of Medicine in New Haven, USA, had a working antibody that recognised Dcas. 
This Dcas antibody was raised by fusing amino acids 11-443 of Dcas to OST. This fusion protein was 
purified on a glutathione column, eluted and injected into rats (Buszczak et al., 2002). The resulting 
Dcas antibody was used at a dilution of 1:2000 for Western blotting and 1:100 - 1:200 for whole 
mount staining, using standard methodology. 
The antigenic peptide against human CAS was obtained from Dirk Gorlich, its sequence being 
DPAIRRPAEKF, which is 73% identical to the corresponding Drosophila sequence. 
Protein electrophoresis 
SDS Polyacrylamide gels (SDS-PAGE) generally contained 10% acrylamide, made with ProSieve50 
Gel solution (Flowgen) following the manufacturer's recommendation. ProSieve50 is a modified 
acrylamide formulation, which can be run as a gradient using Tris/Tricine buffer or as a 10% gel using 
Tris/Glycine buffer. Gels were polymerised and run in a Mini-Protean II cell (Biorad). 6x Laemmli 
sample buffer was added to samples before heating to 95'C for 3mm. Samples were loaded and 
alongside a molecular weight marker of known size (NEB prestained broad range marker). 
Electrophoresis was performed with the appropriate running buffer at 100V until the bromophenol 
blue dye front reached the bottom of the gel. 
Western Blotting 
Proteins were transferred electrophoretically from the SDS-polyacrylamide gel to Hybond-ECL 
nitrocellulose membrane (Amersham) in a Biorad wet blot transfer system (Mini-Transblot cell) in lx 
transfer buffer (10mM Tris base; 95mM Glycine) at 400mA for 90mm. Transfer was confirmed by 
staining of the membrane with Ponceau S. Non-specific interactions were blocked by incubating the 
nitrocellulose membrane in a solution of 5% Marvel dry milk powder (obtained through Sainsbury's) 
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and 0.02% Tween in PBS, with gentle agitation for Mr. Primary antibody was diluted to the 
appropriate working concentration in blocking solution (see Appendix A) and incubated with the 
membrane at room temperature for two hours. The membrane was rinsed with several washes of 
PBS/0.02% Tween. Secondary antibody was added diluted in blocking solution (see Appendix A) and 
incubated with the membrane for 1 hr. The detection of proteins was performed by enhanced 
chemiluminescence (ECL) using an ECL kit from Amersham and following the manufacturer's 
recommendations. 
Cloning of genomic rescue constructs 
From P1 clone DS00629 an approximately 7.2kb NcoI fragment was subcloned into the Casper-4 
vector (pCa4). This vector is commonly used for DNA expression as it contains the Drosophila 
marker w, which can be readily identified by visual inspection of eye colour. This DNA construct 
contained the full length ORF of dcas including its own promoter region and the adjacent sequence of 
midway missing the first two exons of midway. A smaller construct was made taking advantage of the 
Sadl site, which separated the midway sequence from the dcas genomic fragment. Sequencing 
confirmed that the correct rescue fragments had been cloned. 
Injection of genomic rescue constructs 
300 j.tg/ml of each plasmid containing the genomic rescue constructs was co-injected with 100 j.tg/ml 
of helper plasmid, the transposase \2-3 into young w 1118 embryos. These plasmids were diluted in 
H20. w 1118 flies were kept in a cage on a grapejuice-plate, which contained yeast paste and was 
changed frequently to ensure that the flies were laying many synchronised eggs. For the injections the 
flies were allowed to lay eggs for 15-30 minutes onto a grapejuice plate. The embryos were washed 
into a sieve, dechorionated for 2min in household bleach and then washed extensively with water. The 
embryos were dried with a tissue and then with a paintbrush carefully placed onto a small square cut 
out of the grapejuice-plate. The embryos were carefully aligned with Tungsten tweezers, leaving their 
posterior ends slightly over the edge of the square. The embryo-lines were picked up with a 22x22mm 
coverslip coated with embryo-glue made from double sided Scotch-tape dissolved in Heptane. 
Embryos were desiccated in a container with Silicagel for exactly 10mm (desiccated embryos are less 
likely to suffer from (posterior) cytoplasmic leakage, which could cause sterility). Following this 
incubation the embryos were immediately overlayed with series 700 halocarbon oil (KMZ Chemicals 
Ltd), which protects the dechorionated embryos from desiccation and provides a highly oxygen rich 
environment. The plasmid was injected using Eppendorf femtotip needles, which were backfilled with 
DNA. Injections were performed using a titech tranjector. To allow recovery the embryos were left in 
a moist chamber at l8C until hatching, after approximately two days. 50 larvae were collected and 
put into individual vials with flyfood and a layer of easy digestible instant fly food to supply optimal 
conditions. 
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Computer analysis of nucleotide and protein 
sequences 
Gene Construction Kit 
The Gene Construction Kit 2 is a product of Textco, Inc, USA. This is a useful (but expensive) 
program for the virtual work with DNA. The operator introduces the DNA sequence into a file, and the 
program is able to find certain sequences and sites, e.g. primer binding sites or cutting sites for 
restriction enzymes. The file can be easily modified by marking sites and regions by colour or pattern. 
The program is able to translate nucleotide sequences into protein sequences and predict the pattern of 
any given restriction sites on virtual agarose gels. This is a very useful program for cataloguing and 
modifying plasmid maps. 
http://www.tcxtco.com/index.html  
Prof ilesearch-Bioaccelarator 
The profile was compiled from the most conserved region of the importin 13 family members, namely 
the 300 N-terminal amino acids, containing the Ran binding domain (Ohno et al., 1998). The profile 
was used to search Drosophila databases for homologues of the importin 13 family (see Figure 3-1). 
http://eta.embl-heidelberg.de:  8000/misc/ 
BLAST search 
The Basic Local Alignment Search Tool (BLAST) is very useful for comparing gene and protein 
sequences against others in public databases. The searches described in this thesis generally made use 
of BLASTP searches (Altschul et al., 1997), which searches protein databases with a protein query 
sequence. Occasionally BLASTN searches, which searches nucleotide databases with a nucleotide 
sequence or translated BLAST searches (either nucleotide query in protein databases or protein query 
in nucleotide databases) were performed. Most commonly, BLAST searches were performed using the 
facilities of the National Center for Biotechnology Information (NCBI). Alternatively, Drosophila 
specific BLAST searches were run on the BDGP BLAST server. 
http://www.ncbi.nlm.nih.govlblast/ and httl2://www.fruitfly.ori!fblas 
 X 
CLUSTAL X is a multiple sequence alignment program, which was used for all multiple alignments 
presented in this thesis (Thompson et al., 1997). 
CLUSTAL X was originally obtained from ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/,  but now can 
also be used through the internet links of the Human Genome Mapping Project Resource Centre 
(HGMPRC, funded by the MRC) http://www.hgmp.mrc.ac.uklRegistered/Option/clustalx.html.  
Mac Boxshade 
Written by Michael D. Baron, Ph.D., Institute for Animal Health, Surrey, UK. Mac Boxshade is a free 
program for creating visually attractive printouts based on multiple aligned protein or DNA sequences. 
The program does not perform sequence alignments, but takes files from multiple sequence alignment 
programs, such as CLUSTALX. In this thesis it was used to create Figure 3-2, the importin a 
alignments and Figure 4-3, the CAS alignments. 
http://www.ch.cmbnet.orglsoftware/BOX  form.html 
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Tree View 
Version 1.5 was written by Roderic D.M. Page, Division of Environmental and Evolutionary Biology, 
University of Glasgow (1998). This program is a shareware for creating phylogenetic trees from 
multiple aligned protein or DNA sequences. In this thesis Figure 3-1, the Importin 0 family tree and 
Figure 3-2, the Importin cx family tree, were prepared with the aid of this useful tool. 
http://taxonomv.zoologv.gla.ac.uk/rod/treeview.html  
Gene Jockey II 
Gene Jockey II is another sequence processor program written by P.L. Taylor (Cambridge) and 
distributed by Biosoft. It also allows editing, manipulation and analysis of nucleic acid and protein 
sequences, but as a matter of personal preferences was little used for Bioinformatic analyses described 
in this thesis (except Figure 4-4), as the advantage of this program to others alike is that it has the 
option to show multiple alignments only by arrows). 
http://www.purc-mac.com/biology.html  
GCG 
GCG is a collection of programs run in the UNIX environment for sequence analysis and 
manipulation. It was made available by the Genetics Computer Group, Program Manual for the GCG 
Package, Madison, USA (1991). (In 2001 GCG, Oxford Molecular, MSI and Synopsys joined to 
become Accelrys). GCG was one of the pioneers of bioinformatics. The programs of this package, 
which were used most frequently for work in this thesis, are 'seqed', a sequence editor, 'translate', to 
translate nucleic acid sequences, 'map', to find restriction enzyme cutting sites and 'fetch', to get 
sequence from databases into a file. At the beginning of the work described here, the GCG package 
was accessible through the holyrood server of the University of Edinburgh, but subsequently it was 
accessible only through the HGMPRC. 
httl2://www.hi!mp.mrc,ac.uk/Revistered/Option/iiciz . htmi 
NIX analysis 
NIX (Nucleotide Identification System) is a WWW tool to view the results of running many DNA 
analysis programs on a DNA sequence. NIX is intended as a tool to aid the identification of interesting 
regions in genomic or transcribed nucleic acid sequences. It is also available through the HGMPRC. It 
was written by G.W. Williams, P.M. Woollard and P. Hingamp (1998). The analysis programs run 
include: GRAIL, Fex, Hexon, MZEF, Genemark, Genefinder, Fgene, BLAST (against many 
databases), Polyah, RepeatMasker and tRNA scan. 
http://www.hs!ml2.mrc.ac.uk/Reeistered/Webapl2/ni 
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Drosophila specific protocols 
Drosophila strains 
All fly stocks were raised on standard commeal-agar medium at 18°C, 25°C or 29°C depending on the 
experiment. OregonR was used as the wild-type. Other fly stocks used in this study are listed in 
Appendix B. 
Preparation of embryos for in situ hybridisation 
Embryos were collected, dechorionated and fixed rapidly in a two-phase mixture of 37% 
formaldehyde and heptane as described previously. Fixed embryos were devitellinised in methanol and 
stored in methanol at —20'C. 
mRNA in situ hybridisation 
In situ hybridisation using antisense and control sense probes with histochemical detection were 
performed as previously described (Tautz and Pfeifle, 1989) with modifications described in (Wilkie 
and Davis, 1998; Wilkie et al., 1999). The hybridisation buffer consisted of 50% (v/v) deionised 
Formamide 5xSSC; 0.1% (v/v) Tween-20; lOOg/mi E.-coli tRNA; 50g/ml Heparin; pH adjusted to 6.5 
with HCl (made by Gavin Wilkie). 
Mobilisation of the P-element transposon 
The P-element line 1(2)k03902 was crossed to a line containing the P-element transposase 2-3 to 
activate the P-element. Males carrying the transposase were selected and subsequently crossed to 
females carrying the Pin and CyO balancer. The P-element has the w marker, which results in red eye 
colour. Therefore, flies that have lost the P-element have white eyes. It was screened for white eyes 
and 35 lines with an excised P-element were obtained, which are referred to as e.g. dcas'"128 . 
Extraction of genomic DNA from flies 
10 adult flies (5 males and 5 females) were collected in an Eppendorf tube and frozen at -70°C. Frozen 
flies were homogenised using a motorised pestle in 200tl of a solution containing 0.1M Tris (pH9). 
0.1M EDTA (pH8) and 1%SDS. To lyse the cells efficiently the mixture was incubated at 70°C for 30 
minutes. 281.tl of 8M Potassium Acetate was added and the mixture briefly vortexed and left on ice for 
30 minutes. The sample was centrifuged twice at high speed in a microcentrifuge (approx. I0000g) for 
15 minutes each. 100l.tl isopropanol was mixed with the supernatant and the mixture was incubated at 
-70°C for 10 minutes. To precipitate the DNA the sample was centrifuged at approx. 10000g for 5mm, 
washed with 70% ethanol, recentrifuged again and subsequently dried under vacuum in a Speed Vac. 
Preparation and dissection of Drosophila ovaries 
Flies were transferred to freshly yeasted bottles less than 12 hours after eclosion. The ovaries of 3-4 
days old adult females were dissected in PBS and immediately fixed in 3.7% formaldehyde in 
PBS/0. 1% Tween20 at room temperature for 20 minutes. The ovaries were then washed three times for 
5 minutes in PBS/0.1% Tween20 and mounted in 80% glycerol. 
Dissection and antibody staining of pupal nota and heads 
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White pupae (pupal cases appear white for one to two hours after puparium formation) were collected 
every two hours to ensure that they were of similar age. For the excision strains derived from the 
mobilisation of the P-element the cages contained yw 67/yw 67; dcas" 281yCy0 or yw 671yw 67 ; 
dca/ 61yCyO virgin females and Df(2L)H20/yCyO males, so that mutant male progeny could be 
selected by screening for the y marker. Mutations in the yellow gene cause a colour change from dark 
brown to yellow brown in the pigmented mouth parts and denticle belts of the larval cuticle. It was 
observed, that this marker was still visible at puparium formation and therefore white pupae with 
yellow brown pigmentation were collected, as their genotype corresponds to yw 67; dcas'"1Df(2L)H20. 
After 17-30 hours (times are specified in the text) pupae were dissected. Pupae were fixed onto a 
silicon dish containing ice cold PBS/0.1% Triton (PBT)/1% BSA by pinning them with a Tungsten 
needle in the abdominal region dorsal side up. Micro-scissors (from World Precision Instruments, Inc) 
were used to cut open the pupal case, which was then completely removed. Then the head was half cut 
off and the notum separated from the rest of the fly body and immediately fixed in 5% 
paraformaldehyde on ice for 30-120 minutes. After fixation the nota were washed for 90min with five 
changes of wash buffer PBT and then incubated with the primary antibody (see Appendix A for 
dilutions) at 4C overnight. This incubation was followed by five washes of PBT and incubation with 
Alexa coupled secondary antibodies. Alexa antibodies were from Molecular Probes and were used at a 
dilution 1:500 (see also Appendix A). After washing the nota a further three times with PBT (the 
middle wash contained DAPI at a dilution of 1:2000) they were mounted on slides in Vectashield 
(Vector Laboratories). 
The EMS alleles dcasEMS25 (F2Z;FRT25*1 y Cy0) and dcasEMS39 (F2Z:FRT25*1 y+Cy0) were crossed to 
yw, ey-Flp glass lacZ: FRT40Aw+cl/y+Cy0 as described (Newsome et al., 2000) and also selected by 
means of the yellow marker. The dissection of the pupal tissue was altered to keep the heads intact. 
Otherwise the same protocol was followed as described above. 
Scoring of macrochaetae phenotypes 
Flies were frozen and mounted on a drop of nailpolish. The macrochaetae were visualised with an 
Olympus SZH1O dissecting microscope and the proportion of individual sensory organs that were 
absent, consisted of multiple sockets or had a normal appearance were tabulated. Alternatively, 
macrochaetae and microchaetae were scored on scanning electron micrographs as described below. 
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Microscopy 
Fluorescence imaging and deconvolution 
Fixed ovaries, embryos or pupae were mounted in Vectashield (Vector Laboratories) or 80% glycerol 
and viewed using a SedatiAgard DeltaVision widefield microscope (Applied Precision Inc.) based on 
an Olympus 1X70 inverted microscope. 3-13 image stacks were acquired with a cooled 12 bit PXL 
CCD camera (Photometrics) (also described in (Davis, 2000). Immersion oil with the appropriate 
refractive index of 1.534 was used to minimise spherical aberration in thick samples viewed by oil 
immersion objective lenses (Davis, 2000). DeltaVision software was used to control the movement of 
the motorised stage in three dimensions, and also to control the filter wheels governing the excitation 
and emission filters and the shutters controlling light sources and camera exposure. Each image in a Z-
series was obtained by moving the Z position by 0.2itm-0.5i.tm  (I00X/1.35 numerical aperture lens). 
At every focal position, an image was captured for each fluorochrome, typically DAPI (blue), FITC or 
AlexaFluor488 (green), Rhodamine or AlexaFluor568 (red) and Cyanine 5 (far-red). Each Z-series 
from the same experiment was taken with an identical objective lens and camera settings (exposure, 
gain and degree of pixel binning) so that different images from the same sample could be compared. 
Fixed embryos, ovaries and pupae were imaged directly on coverslips, and 3-D image stacks were 
captured. Out-of-focus light was reassigned to its point of origin in image stacks using Sedat/Agard 3-
D constrained iterative deconvolution algorithms (DeltaVision software) after empirical determination 
of the point spread function for each objective lens. The data was then analysed on Silicon Graphics 
workstations with SoftWorx (Delta Vision Software). The different wavelengths could be visualised 
either separately or merged. Furthermore, individual Z-sections could be observed or several Z-
sections could be merged together by projection. 
Scanning electron microscopy 
Flies were frozen in an Eppendorf tube at —20 C for 30 minutes, dehydrated overnight in a chamber 
containing silica gel and then coated with gold (by John Findlay). Specimens were viewed with a 
Philips CM 120 Biotwin transmission electron microscope (Biological Sciences Electron Microscope 




FACTORS IN DROSOPHILA 
Introduction 
Studies in single celled systems, such as Saccharomyces cerevisiae and 
permeabilised cell systems, have revealed many details of nucleocytoplasmic 
transport. However, the extent to which particular receptors display tissue specificity 
or have regulatory roles in multicellular organisms is poorly understood. It is also 
unclear to what extent different tissues and developmental processes display varying 
requirements for transport components. Drosophila is a powerful model system for 
the analysis of developmental processes as it offers excellent genetic, molecular and 
cytological techniques. However, to date few trafficking components have been 
identified and described in Drosophila (see Chapter 1). 
As a first step to obtaining new insights into the functions of nucleoctyoplasmic 
transport factors in multicellular organisms, members of the importin 3 and importin 
X families were identified in Drosophila. These analyses made use of numerous 
sequence analysis packages directly available from their developers over the Internet. 
Gene function is best studied by analysing the effects of different mutations within 
the gene. Drosophila stock centres have accumulated vast collections of mapped 
mutations. In the hope of identifying mutations in genes encoding the newly 
identified transport factors, their cytological position was determined and the 
collections were searched for pre-existing mutations in the corresponding regions. 
The mRNA expression pattern of a gene is a useful first indicator of potential tissue 
specific functions. The mRNA expression patterns of several of the newly identified 
trafficking factors was therefore determined. 
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Results 
Identification of importin 13 family members in Drosophila 
All 14 importin 13 family members known in S. cerevisiae plus 14 other members 
known in human and C. elegans were compiled (Maarten Fornerod) and a profile of 
the Ran binding domain was prepared using Profilesearch at the Bioccelerator at 
EMBL (Materials and Methods). Comparison to the Celera complete Drosophila 
database identified eleven predicted proteins (Figure 3-1), which have a domain with 
high homology to the profile of the Ran binding domain. 
However, the database search using only the Ran binding domain profile was not 
exhaustive. For example, no homologue for Los ip, the export receptor for tRNA, 
was identified. The Ran binding domain of human Los 1 is only 22% identical to 
yeast Los ip, substantially lower than most other transport receptors (e.g. the Ran 
binding domain of WAS is 37% identical to the Ran binding domain of Cselp). The 
Drosophila homologue of Crmlp, the export receptor for NES containing substrates, 
also failed to be identified by this approach. However, a direct database search with 
Crmlp identified a homologue, which was subsequently identified independently and 
designated as embargoed (emb) (Collier et al., 2000). 
All of the newly identified genes were clearly members of the importin 13 family in 
Drosophila since they contain the characteristic Ran binding domain. In several cases 
alignments of the complete open reading frames (ORFs) of these Drosophila genes 
with the sequences of known human or yeast transport factors unambiguously 
identified the closest homologue (Table 3a). However, other genes show low overall 
homology to any yeast or human factor, e.g. Q9VEC5 and Q9VQGO (Figure 3-1) and 
therefore their specific function cannot be confidently predicted by sequence alone. 
Functional studies will be required to confirm their role as nucleocytoplasmic 
transport factors and identify their cargoes. 
Figure 3-1 	 Importin 0 family members in Drosophila 
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Figure 3-1. Novel members of the importin family in Drosophila were identified by 
profilesearches with the Ran binding domain. 
A profile was constructed using the Ran binding domain from 28 known importin 0 family members in 
human, Saccharomyces cerevisiae and C-elegans (see Materials and Methods). The BIXIP databases 
and the Celera predicted protein database were searched for novel homologues in Drosophila. Twelve 
members of the importin P family in Drosophila were identified, which had not previously been 
described as transport receptors. Yellow boxes with black writing indicate the 14 yeast proteins and 
black boxes with grey writing indicate the Drosophila proteins designated by their Celera accession 
number or by their gene name if they had been previously cloned. 
39 




Ref yeast Human 
Importins 
Ketel 018388 38E3-4 (Lippai et at., 2000) Kap95p Importin 3 
Dtml Q9VRV9 65A6 
(Norvell et at., 1999; 
Kap 104 Transportin I Siomietal., 1998) 
Dtrn2 076631 65A6 TransportinSR 
CG2848 Q9VQGO 23B1 MtrlOp/Sxmlp 
CG5252 Q9VGP4 86E3-5 KapI 14p RanBP9 
Dini-7 Q9VSD6 66137-10 (Lorenzen et al., 2001) Nmd5p Importin 7 







(Collier et al., 2000; 
Crmlp Exportin I 
Fasken et al., 2000) 











CG8212 Q9NGP8 52C1-2 Kapl2Op RanBPI I 
CG72 12 Q9VEC5 90E4-6 
Table 3a. Twelve members of the Drosophila Importin 0 family were identified. 
BLASTP database searches with a profile of the Ran binding domain compiled from known 
members were used to identify importin 13 family members in Drosophila. The CG numbers refer 
to predicted proteins from the complete Drosophila genome sequence (Adams et at., 2000). 
EMBL database accession numbers and their cytological locations are stated. References are 
cited for transport factors studied in Drosophila. For novel members, the closest human or yeast 
homologues are shown in the same row, but these are not proven to be functional orthologues. 
Dtrnl and dtrn2 are 70% identical and as the main differences are in different short inserts they 
were probably not distinguished by Flybase and were therefore assigned to the same cytological 
position. 
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Or. I 	 ollo 	 or.2 
684*2 	 QATQAARRJL5068QPPIDIIIRA-GLIPOFYSLGRT800PIQYYSARAITNIASITSE QOXAVVDGGAIPMISL609PJUOISLQ*V.ALGNI*GOGSVYROLVI131000PLLALL 
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6136*1 5*TQKFRKLLOIEPNPPIDEVIOIPGVV*OFVLRRKEY*CSLQ54831TNI05113S1 QTR10 IQARASPIF I 	SEFEOVQFQAY18A[GN1*G053M(0035LDCMILPPL LQYF 
61*46 	 T*TQKFR3.LL568POPPIOQVIQKPGVVQRFVKFLERNEFACTLQYEAAOAITNI056TFL HT835IEIGAVPIF 1KLL6SEHEOVQIQAAI*LGNI*GDIA*E(ROFOLHCEILPPLL(LL 
1488-31 RA7Q0FRkLRDP1*PP1E13IQ0-G1VPQVTFIRNS*MA1LQ1tAAWTLTNIASGTSQ QTKYVIFAGAVPIF IDILSSP8003QE00018ALGN101050CR013LL151ILOPILIFV3 
Or. 3 .11< 	 Or.4 	 .11< 	 Or. 5 
604*2 	 AVPO#SSLACGYLRNLTATI.SNLCRNONPAPP10000QILPILVRLI18400PEVLAOTCW AISYL300PNERIQVK8133PQ008LLGALPIYTP*LRAIGOIVTGTDRQTQVVIO 
06031 1811--- -ETPISYLRNIVAL 5NLCRNK1APSPPF0V643LP3LSQLLL5Q01QVLA0*CW ALSY3100101Q40305000P0036LLQ*CIPSIIVPAL0506IIIYTGTDQQTDWIA 1111A 
	 OP. -- -SIPITFLRNVTWYIV1ALCRNKOPPPPI*ETOQEILP*LCVLI3310INILVDIV11 01531T050NYQIQ60I05583PPLVPLL3OIQ(*SVQT*ALR*YGNIYT130EQTQYVLI* 
61604 5P ---- SIPITFLRNVIW3MVNICRH6DPPPPNEIIQE ILPALC*LIUHTDYNILVDT*W AL SYL1001NSQIQM01050IVPHLVPLLSFI000I*QIOALRAVGPIJVTGTOEQTQWL6 
Koryl 	 KP----DIPITFLRNVTI'dIVHLCONKOPOPPT*TIHIILPALNOLIHHTOTNILVDIVW AISYLT061NDQIQMVI15103PKLIP111NSI*IVQT*AL0001NIV31501QIQYVLN 
614*1 S0 --- -QFA0000IRNAV11015PILCRGKSPPPIFAKVSPCLNVLS!LLF051I330000CW AL1,YL511PNOKIQAVI0300CRRLVELLI*1000KYVSPALRAVGNIYTGOOIQTQVILN 
68446 TN- --- SNRLTURNA500LSNLCRGKNPPPNPSRVSPCL8VLSRLLF550PIVL000C11 ALOr0010P3061QAVI0563cRRLVELU10N036035P010A058IVT1003QIQYIUI 
Koryl 	 SN- --- SOR I TWIRNAVrLSN .LC.RG.KSPPADFAKISKGLPILARILKYT0ADV .LS0TC! 010YL500F'NIKIQ*VIDACVCROLVILLLFW'QQWSTA*LRA006IVT608QQTQVILG 
or. 6 	 ILo 	 or.,? 	 ollo 	 GrosS 
6114*2 	 000LAVFPSLLTNPKTNIQ160TWTNSNI1060Q001QQVVNNGLVPFL053LSKAOFKTQKR*311031361TSGGTVEQ130LVHCS- IIRPIIRIL010KOIXIILVIL0415NIFQ*1* 
053031 SGGLPRJGILLQHNKSNI300845135NITAGNQKQIQAVIQAGIFQQL0TVLRKGOFKA Q010*180514ITTSGTPYQIVOLI(K361LKPF 1OLLITKDPRTIOVYQTGJSNIFAIAI 
61643 COOL SNFPNLL5HP8EKINK1AV30LSN1TAG5QQVQAY1OAG1IPMII1$QLA6GOFGT QK100WAISNLTI50000Q353LVQQN-VIPPFCNL050KOSQYVQVVL000KNIJ1*lAG 
6314*4 
Koryl 
68401 	 CSALQSLLHLLSSP005166EAC*TISNI TAG5RAQ1QFI IOANIFPALISIIQTAYFRT RkE&ARAITNA051180EQIKYLYELG-CIKPLCILITV**SKIYQVA3NGLENILRLGO 
51*66 
Koryl 	 YKALTCISHJLHSI000I0KESCOTISNI*AGN0EQIQAL I4061FPQL*VIMQTAIFKT RIEAAIAIThATSSGTHE0133LVQVG-CYPPSICDFLIY00501305ALNALENILKAGK 
Jo 	 003410 dO.1113fl 
I4*ZoI 14*3.1 
514*2 	 143.-----6030000IHIORCGGLORIR*LQI*3EN8563KASLSLIRKYFS-9000EOQSNYPKT--15103TF-QVQOGAP-GTFIIF 
053031 FL ----- GGTENLCLMVERMGGLDRLRTLQOIYEN0EYYKKAYAII113FSNGOOSAEQOL "C--YN6*LEPNATQP%APEGGYTF 
518*3 	 D8ASTIA1I10RC1GL(6IRVLQ0EN1OIYKLAFE11DQYF 1100I000PCL IPE*T-QGGTYNFDPT*N-LQTKEFNF 
6118*4 050111151 I0ECGGLF0IIQLQI*356501341*YEIIDQFF5500IOEDPSL 3P1*1 -Q111FGFNSS*I1-YPTOGFQF 
ROry3 0050030NCI(ECEGIAOIERIQS*Y100136IAYE110QYFI--0(6YQTS64APSS--010QYNFDP6400LTO30SFNF 
6136*1 	 QR0640GTGINPYC*LIEYAYGI08106LQSYENQYIVQK000LIEHYFG- -T(II051I*PQVOLNQQQYIFQQCIA- -PRE GFQL 
510*6 QRSKQNGIGINPYC*IIEIAYGLOIIRFLQSOY653IYQKAFOLIEHVFG--VIEIOPSIVPQ003NQQQFIFQQQI*--P60GFQI 
Koryl 	 KOQIOP- --- SPYOIIIFL(G DKIEV&QR **OII065012IYQVFG. -18E1(050VOPV*L--TQQYCFIP000*--PSTGF55 
Figure 3-2. Four members of the importin a family were identified in Drosophila. 
A. Phylogenetic tree showing an alignment of five human members of the importin a family (hIMA) 
and the four Drosophila homologues (Imp- 1, Imp-3, Imp-4 and Oho31). B. An alignment of the five 
human and three Drosophila importin a homologues shows high conservation, especially in the 
functionally characterised domains. This homology suggests that members of the importin a family 
have the same functions in Drosophila and humans. Protein sequences were aligned using the Clustal 
X program (see Materials and Methods). The conserved identical residues are indicated below the 
alignment with a star and similar residues with a colon. Functional domains are indicated above the 
alignment. hIMA refers to human importin cx subunits and Kary to Drosophila. IBB domain = importin 
3 binding domain; arm = armadillo repeat, M2 = region of hIMA2 (Imp a2) shown to be critical for 
CAS binding; M3 = hITvIA2 region shown to be supportive for CAS binding. 
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Identification of importin a family members in Drosophila 
BLASTP database searches were also performed to identify novel importin alpha 
family members in Drosophila. Besides the previously known Importin-a2 (also 
known as Pendulin or Oho3 1), three novel importin-a (imp-cc) family members were 
identified in Drosophila. The known functional domains, the IBB domain, Arm 
repeats and CAS binding domain, are highly conserved (Figure 3-2 B). All four 
Drosophila importin alpha family members can be assigned to the three subfamilies 
known in humans (Kohler et al., 1999; Tsuji et al., 1997). However, whereas the 
members of each human subgroup show at least 80% identity, Drosophila imp-a3 
and imp-a4 are only 33% identical, but appear to belong to the same subgroup 
(Figure 3-2 A). 
cDNA analysis of selected transport factors 
At the beginning of this project the Drosophila genome sequencing project was still 
in progress. The complete genomic sequence was only released later by Celera 
Genomics in collaboration with BDGP. For most of the trafficking factors neither the 
genomic sequence nor the complete cDNA sequence was known. However, searches 
of the EST (xpressed sequence rags) banks identified likely candidates, namely 
LD12436 for emb, LD14270 for dcas, LD15058 for dtransportin (dtrnl) and 
LD10286 for imp-a3 (see Materials and Methods). The EST sequencing project 
sequenced cDNA clones from their 5' ends and the published sequences therefore 
included part of the Ran binding domain for the importin 3 family members. Most of 
the EST sequences contained the putative translation initiation site, as judged by 
sequence comparisons, although the EST clone for emb was 5' truncated. These EST 
clones were sequenced from their 3' end and all found to extend beyond the ORF into 
the 3' untranslated region (3' UTR). A restriction map of each cDNA clone was 
generated using classical restriction enzyme mapping. This identified sites, which 
could be used to linearise the clone, cutting in the polylinker, so that a DIG labelled 
RNA could be transcribed using Ti or T3 Polymerase (see Materials and Methods). 
These anti-sense RNA probes were hybridised to a P1 blot, each clone of which 
contained a large region of the Drosophila genome, to determine the cytological 
position of each gene (see Materials and Methods). It was found that dcrml (emb) is 
located around (2L)29A3-05, dtrnl around (3L)65A9-65A14 and imp-a3 around 
(3R)85D18-85E4 (Figure 3-3). 
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Figure 3-3 	Cytological locations of dtrnl, emb and imp-a3 
..4 	3 
I 65A9-65A14 





2 no information 
2_) 	3 ). 	 3 no information 
•, 4 	7 4 16B1-B5 
emb 	 5 29A3-29B2 
6 29C1-29C5 
4 6 	 29A5-29B4 8 96A18-96A19 
1) 	 8 ) 
2 	': 	
1 85D18-85D27 
2 no information 
imp-13 	 3 no information 
;4 	5 	 4 85E2-85E4 
5 no information 
.4 
Figure 3-3. Determination of the cytological locations of Drosophila transport factors 
using a P1 blot. The Drosophila!'! genornic library was supplied on a nylon filter as individual 
clones spotted in duplicate in a pattern that can be deciphered using the manufacturers instructions. 
l)oublettes hybridising with the transport factors tested are marked by numbered arrows. Tables on the 
right of each image of the autoradiographs show the corresponding map position. Many of the clones 
had not been mapped by the manufacturer. A. A probe for drrnl was prepared by linearising EST 
clone LD15058 with Asp718 and transcribing it with T3 RNA po!ymcrasc. Two of three clones 
mapped to 65A9-65A!4. B. A probe for emb was prepared by linearising EST clone LD12436 with 
BaniHI and transcribing it with Ti RNA polymerase. Four of eight clones mapped to 29A3-29C5. C. 
A probe for imp-a3 was prepared by linearising EST clone LD10286 with Apal and transcribing it 
with T3 RNA polymerase. Two of six clones mapped to position 85D I 8-85D27. See Materials and 
Methods for Synthesis of Dig labelled RNA probes. 
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The dcas gene was localised at around (2L)36A1 1-36132, as will be described in 
more detail in Chapter 4. Once the cytological positions were determined, the 
Drosophila stock centres (Bloomington and Umea) were searched for mapped 
mutations in these regions. For all four transport factors several deficiencies were 
identified that were missing the gene of interest. However, these deficiencies will 
also lack other unrelated genes, reducing their utility. If available, point-mutations or 
transposon insertions are more useful. One transposon insertion, EP3457 from the 
RØrth collection (Rørth, 1996), was found to be near the dtrnl gene, but it was 
unclear whether it actually disrupted the function of Dtransportin. Several transposon 
insertions were mapped to the region in which dcas was localised, and these will be 
described in detail in Chapter 5. 
Determination of the mRNA expression patterns in wild-type 
embryos 
It was of particular interest to determine whether any of these putative transport 
factors showed a tissue-specific expression pattern or whether they showed the 
ubiquitous expression that might be expected for general "house-keeping" genes. 
Their RNA distribution can be easily visualised by in situ hybridisation and is a good 
indicator for requirements of the corresponding protein. DIG labelled anti-sense 
probes and control sense probes from the cDNA clones of emb, dtrnl and imp-0 
were synthesised and used to visualise the mRNA expression pattern (see Materials 
and Methods). Wild-type embryos were collected at time points throughout all stages 
of embryonic development. All three mRNAs were very strongly enriched in the pre-
blastoderm embryo, indicating a high maternal supply of mRNA (shown for dtrnl in 
Figure 3-4 A). For dtrnl this was confirmed by mRNA in situ hybridisations on wild-
type ovaries, which showed strong mRNA expression in the egg chambers (data not 
shown). At later stages, dtrnl and emb were strongly expressed in most tissues and 
showed only a slight variation at different developmental stages (Figure 3-4 B-D). 
Imp-c(3 mRNA was strongly and ubiquitously expressed throughout embryonic 
development (Figure 3-4 E and F). 
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Figure 3-4. Most transport factors tested show an ubiquitous mRNA distribution. 
Embryos are oriented anterior left and dorsal up. Stages are described in Campos-Ortega and 
Hartenstein (1985). A. In early embryos until stage 4 (syncytial hiastoderm) a high level of maternal 
mRNA is detected (shown for dtrnl, but similar results were obtained for emb and imp-a3). C and E. 
Embryos with an extended germ band (stages 8 to 10) showing ubiquitous expression of emb and imp-
a3 mRNA. B, D and F. Embryos with the germ band retracting (stages 10 to 13) showing ubiquitous 
expression of tm, emb and imp-o(3 mRNA. 
dcas mRNA is specifically expressed in the embryonic CNS 
During oogenesis some dcas mRNA was present in wild-type nurse cells up to stage 
9. The concentration of dcas mRNA increased dramatically by stage 10, when 
dumping of the dcas mRNA into the oocyte cytoplasm begins. dcas mRNA was 
enriched in germline cells (nurse cells and oocyte), but not in somatic follicle cells 
(Figure 3-5 A). Within the nurse cells and oocyte the mRNA was predominately 
cytoplasmic. In agreement with the high expression in the ovaries, strong dcas 
mRNA expression was seen in pre-blastoderm embryos, which is presumably 
maternally contributed (Figure 3-5 B). Shortly before gastrulation, a stage at which 
many mRNAs are degraded, the maternally supplied dcas mRNA disappears leaving 
no detectable mRNA in the embryo (Figure 3-5 Q. Zygotic dcas mRNA expression 
is first detectable in late stage 9, when it is specifically enriched in the CNS and the 
brain lobes (Figure 3-5 D and E). After germband retraction is completed, dcas 
mRNA is no longer seen to be enriched in the CNS, but persists in the brainlobes and 
is now highly expressed in the gonads (Figure 3-5 F). At later stages, dcas mRNA 
persists only in the brainlobes, where it is detected until the embryos hatch into the 
larval stages (Figure 3-5 G). 
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Figure 3-5 	 dcas mRNA expression 
A 
'1-A 	 follicle cells germarium 
+ 
' 
nurse cells 	oocyte 
U 
pm 
C 	 F 
	 L) 
Figure 3-5. dcas mRNA is specifically expressed in the embryonic central nervous 
system. A. During oogenesis in wild-type ovaries dais mRNA is enriched in the oocytc and nurse 
cells, but not in follicle cells. B. In early embryos, until stage 4 (syncytial hiastoderm), maternally 
derived dais mRNA is abundant and uniformly distributed. C. Shortly later (stage 5). dcos mRNA is 
undetectable. D. At the extended germ band (stage 11) zygotic transcripts are specifically detected in 
the central nervous system and in the brain lobes. E. After germband retraction dais mRNA initially 
persists throughout the central nervous system, but at later stages, F. only persists in the brain lobes 
and starts to be enriched in the gonads. G. In the late embryo the mRNA is detectable only in the brain 
lobes. H. A series of embryos were imaged during germband retraction, showing the dcas mRNA 
expression in the central nervous system and brain lobes. 
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Chapter 3 	 Nucleocytoplasmic transport factors in D 
Conclusions and Discussion 
Twelve members of the importin 13 family were identified in Drosophila by database 
homology searches using a profile constructed from the conserved Ran binding 
domain. S. cerevisiae has 14 importin 13 family members, while humans have at least 
22. The genomic organisation in Drosophila is clearly more closely related to 
humans and it seems likely that there will be further importin 13 family members, 
which will have to be identified by other techniques. For example, Drosophila 
presumably has a Losip homologue that mediates tRNA export. However, this factor 
has not been detected in searches with the Ran binding profile or by direct searches 
using the human or yeast Los ip sequences. In humans and Drosophila two closely 
related transportin homologues have been identified. In Drosophila both genes map 
to cytological location 65A6. The Drosophila homologue of CRM 1 was not detected 
by searches with the profile of the Ran binding domain, but was identified by direct 
searches with the protein sequence. During the course of this work, this gene was 
independently published as embargoed (Collier et al., 2000). The eDNA clone for 
emb described here is 5' truncated, while Collier et al. described several different 
cDNA clones for emb, some of which are full length. A database search using the 
Ran-binding domain was also reported during the course of this work (Lippai et al., 
2000), but these authors identified only ten members of the imp-13 family. 
In contrast, it is likely that the four genes identified represent all of the members of 
the importin a family in Drosophila. The genome is now completely sequenced and 
importin a family members, unlike the importin 0 family, are well conserved. 
Several of these importin-cx family members were subsequently identified and 
reported in publications (see Introduction and (Dockendorff et al., 1999; Fang et al., 
2001; Mason et al., 2002; Mathe et al., 2000)). 
The localisation of the mRNAs encoding several of the transport factors was tested in 
embryos. Most showed a strong maternal contribution followed by ubiquitous 
distribution of zygotic expression. However, zygotic dcas mRNA showed specific 
expression in the CNS and brain lobes. 
While a ubiquitous pattern of expression does not preclude specific functions in 
development, the specific expression shown by dcas mRNA made it the best prima 
facie candidate for further analysis. The remainder of the thesis therefore 
concentrates on the functional study of Dcas and its possible specific and regulatory 
roles during development of a multicellular organism. 
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El  
SEQUENCE OF DROSOPHILA CAS AND 
ANALYSIS OF GENOMIC ORGANISATION 
Introduction 
At the commencement of this project, the complete sequence of dcas was unavailable 
and it was unclear when it would be determined by the genomic sequencing project, 
which was then at an early stage. The sequence was therefore determined, deposited 
in the database and is presented here. 
During the course of the project, progress in other systematic genomic sequencing 
projects allowed a comparison between the dcas sequence and putative homologues 
in other organisms. WAS and yeast Cselp are 34% identical and several functional 
domains described in WAS are conserved in Cselp. As described in Chapter 3, the 
Ran-binding domain is characteristic of all importin 13  family members and is 
responsible for binding to the small GTPase Ran, which imparts directionality to 
most nucleocytoplasmic transport activities. A MEK phosphorylation site has been 
identified, but not further characterised (Scherl et al., 1998). HEAT repeats are 
present in importin 13, as well as in transportin, and are responsible for binding the 
transport cargo and to nucleoporins. Conformational changes in the HEAT repeat 
helix are thought to play an essential role in the regulation of cargo binding and 
release, as well as mediating protein interactions during the translocation through the 
NPC. Similarly, the structurally related ARM repeats of importin cx bind to the 
nuclear localisation signal (NLS) of its transport cargoes. To date no structure of an 
exportin has been reported, but it would not be surprising if exportins also interact 
with their cargoes and nucleoporins via a domain that is related to HEAT and ARM 
repeats. For human CAS a repetitive domain was reported. It was of interest to 
determine whether this repetitive domain is also present in dcas and to assess how 
closely it is related to HEAT repeats. 
rii 
During the course of the project, the systematic Drosophila genome sequencing 
consortia released the sequence of the genomic region surrounding dcas, as well as 
the sequences of several cDNAs containing dcas. 
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Chapter 4 	 Sequence of dcas and analysis of genomic organisation 
Results 
Sequence of dcas 
As described in Chapter 3, BLASTP searches (Altschul et al., 1997) with a profile of 
Ran binding domains from S. cerevisiae and human importin 3 family members 
identified an EST clone (LD14270) containing the sequence of a putative Drosophila 
homologue of CAS. Only the 5' sequence of this clone was available and the 
complete sequence was determined for both strands by a method known as 'primer 
walking'. The 5' end of the clone was sequenced using T3 primer complementary to 
a vector sequence, while the 3' end was sequenced using T7 (see Materials and 
Methods and Appendix Q. From the end of the reliable sequence obtained new 
primers were designed to sequence further. Depending on the quality of the sequence 
obtained this allowed the synthesis of primers every 200-900 bp on each strand 
(Figure 4-1 A). Finally, the double-stranded sequence of the complete dcas cDNA 
clone LD14270 (Figure 4-1 B) was obtained and this sequence was submitted to the 
EMBL database (Tekotte and Davis, accession number AJ238857). From the cDNA 
sequence, dcas was predicted to be 51% identical to hCAS and 32% identical to yeast 
Cselp over its entire ORF. When the whole Drosophila genome was later published 
(Adams et al., 2000) it became clear that there is only one CAS homologue in flies, 
indicating that Dcas was the only functional homologue of hCAS and yeast Cselp in 
flies. 
The CAS family is highly conserved in evolution 
Database searches with hCAS, Cselp and Dcas identified highly homologous 
putative proteins in Caenorhabditis elegans, Red Sea Bream, Mouse, Arabidopsis 
thaliana, Rice and Schizosaccharomyces pombe (Figure 4-2 A), with help from 
Miguel Andrade, EMBL, Heidelberg). From the inter-species homology it can be 
concluded that the CAS family is highly conserved in eukaryotic evolution, with 
homologies ranging from 21.4 % identity between Rice and Caenorhabditis elegans 
to 98.6% identity between mouse and human (Figure 4-2 B). In each case, a single 
CAS homologue was identified, suggesting that each organism has a single CAS 
gene. Most of these genomes have subsequently been completely sequenced, 
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Figure 4-1. dcas cDNA was sequenced on both strands. 
A. The insert from EST clone LD1427() was subcloned into Blucscript using EcoR! and Xhol sites (by 
Ling Hong). To obtain the full length sequence, the indicated primers were designed and used. Start 
and Stop codon are shown. The total length of the dcas ORE is 2.9 kb. Primers above the line 
representing the I)NA are orientated from 5' to 3' and primers below from 3' to 5'. Primers were 
designed by "primer walking". From a newly obtained sequence the next primer was ordered near the 
end of the sequence to sequence the next region. This resulted in a primer approx. every 250bp as most 
of the cDNA was sequenced manually by "conventional" methods. B. The full length cDNA sequence 
of dais (AJ238857) is shown. The nucleotides of the open reading frame are grouped in triplets and 
non coding regions are ungroupcd. Cloning sites are shown and the predicted translation is shown 
below the nucleotide sequence. The Stop codon is marked with an asterisk. 
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• Drosophila melanogaster 
Red Sea Bream 
Human 
Mouse 
- Arabidopsis thaliana 
- Rice 
- Schizosaccharomyces pombe 
	




Arabidopsis 66.5 57.3 57.9 57.7 58.4 52.4 49.9 45.2 
Rice 50.4 ---- 53.1 53.3 51.8 52.8 50.7 49.2 41.6 
Human 38.0 34.2 ---- 99.1 66.9 93.0 55.8 54.6 47.3 
Mouse 38.3 34.5 198.61 ---- 67.2 93.2 56.1 54.7 47.3 
Drosophila 36.5 33.1 51.1 51.5 ---- 67.8 54.0 51.5 44.4 
Red Sea Bream 39.1 34.4 87.6 88.2 51.6 55.4 54.1 46.4 
Schizosaccharomyces 32.1 28.1 37.0 37.3 33.2 36.8 ---- 60.0 45.1 
Saccharomyces 29.4 26.5 34.1 34.2 31.5 33.7 39.2 ---- 44.1 
Caenorhabditis 23.0 121.41 26.8 26.8 24.9 26.0 23.4 22.2 
Figure 4-2. Each organism has a single, highly conserved CAS homologue. 
A. Phylogenetic tree showing an alignment of Dcas homologues in different organisms. B. Clustal X 
matrix of the same alignment showing percentage identities (lower left) and similarities (upper right) 
between the CAS homologues from different organisms. As examples, the lowest (between 
Caenorhabditis elegans and Rice) and highest (between mouse and human) identities are boxed. 
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Functional domains within the CAS family are conserved 
An alignment of protein sequence of hCAS and dcas shows that the Ran binding 
domain is highly conserved (59% identical, see Figure 4-3). hCAS has been reported 
to have a putative MEK phosphorylation site, by which CAS function might be 
regulated (Scherf et al., 1998). This region is conserved (Figure 4-3) but it lies within 
the Ran binding domain and the significance of this conservation is therefore unclear. 
The possibility of regulation by phosphorylation has not been further investigated in 
this thesis. A well-conserved classical NLS was found (Figure 4-3) but the 
significance of this is also unclear. The presence of leucine- and proline-rich 
repetitive sequences in the C-terminus of CAS was previously reported (Brinkmann 
et al., 1995a). With assistance from Miguel Andrade and Toby Gibson in the 
Bioinformatics programme at EMBL in Heidelberg the relationship between the 
repetitive domains in the CAS family and HEAT repeats was further investigated. 
HEAT domain profiles were projected onto the sequence of dcas itself and onto a 
profile of all CAS family members (Figure 4-2 A). Eleven repetitive units were found 
in dcas (Figure 4-4 A), which are conserved amongst CAS family members. 
However, these repeats are much more diverged from consensus HEAT repeats than 
those in importin 0 or transportin. 
Alternatively spliced forms of the dcas mRNA were not 
detected 
hCAS consists of 25 exons, some of which are alternatively spliced and might 
potentially show tissue or developmental specificity (Brinkmann et al., 1999). The 
major alternatively spliced forms of hCAS differ in the inclusion or exclusion of a 
single exon and the use of alternative polyadenylation sites. For dcas some 20 
different EST clones have now been identified from several different Drosophila 
eDNA libraries (Figure 4-4 B). However, in all cases only the 5'-end sequence was 
determined and hence no information about potential alternative spliced forms or 
polyadenylation site choice was available. Several clones had different start sites, 
which could result from the use of alternative transcription initiation sites but is more 
probably due to truncation during the cloning of the libraries. Notably, two of seven 
dcas clones isolated from the embryonic RE library showed alternative 5' sequences, 
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Figure 4-3. CAS homologues from different organisms are highly conserved. 
Multiple sequence alignment using Clustal X and Madlloxshadc to indicate identical (dark blue) and 
similar aminoacids (light blue) within different CAS proteins. The Ran binding domain is boxed in 
light pink and a putative NLS domain is boxed in yellow. The reported MEK phosphorylation site in 
human CAS is indicated above the sequence. 
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Figure 4-4 	 Analysis of dcas cDNA 
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Figure 4-4. dcas has a repeated structure distantly related to HEAT domains but no 
alternatively spliced products were detected. 
A. Alignment of the I I repeals in dca.s. The consensus of HEAT repeats from importin 0 is indicated 
below with the corresponding residues in dcas highlighted in light yellow. B. Drosophila EST 
databases were searched with the Dcas peptide sequence by HI ASTP. The diagram (constructed using 
Gene Jockey) shows the full length dcas (1,13 14270) and selected ESTs, which were sequenced from 
their 5' ends. In total 20 ESTs containing dca.c sequences were identified, of which 14 contain the 
translation initiation codon (LD3 1014 is a representative for the other 13 ESTs). Six further ESTs 
contain dcas sequences further downstream. Comparison of different ESTs frequently reveals 
heterogeneity that arises from alternative splicing. This was not found for dcas. C. Restriction map of 
the full-length dcas eDNA clone L1314270 showing selected restriction sites, including the polylinker. 
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The Dcas gene is embedded in an intron of the midway gene 
Several P-elements are inserted at chromosomal locations close to the position 
mapped for the dcas gene (see Chapter 3). It was therefore important to analyse this 
genomic region, to understand which other genes were potentially affected by the 
transposons. Partial sequences available in the databases identified a genomic clone 
containing dcas (56C8) and an overlapping clone (871310) (constructed by Inga 
Siden-Kiamos, Heraklion, Greece) (Figure 4-5 B). Both clones were obtained from 
Siden-Kiamos, but the bacterial strain containing clone 56C8 could not be recovered 
(see Materials and Methods). The plasmid that contained clone 87D10 was amplified 
and characterised by extensive restriction digest analyses. This was followed by 
Southern Blotting of the digested fragments using a probe prepared from the dcas 
cDNA to identify smaller fragments containing dcas exonic sequences. The 
restriction fragment sizes derived from the dcas genomic DNA were compared to the 
restriction pattern of the cDNA (Figure 4-4 C) allowing an estimate of the sizes of the 
introns. However, these analyses showed that the clone lacked the 5' region of the 
dcas gene (data not shown). When the cytological position of dcas was determined 
(see Chapter 3) a P1 blot was probed with the full-length antisense dcas probe. This 
allowed the identification of five genomic clones, which were each found to contain 
overlapping genomic fragments that included dcas (Figure 4-5 A and Materials and 
Methods). The smallest clone isolated, DS00629, was shown to contain the full-
length dcas ORF. This clone was in the process of being sequenced when the partial 
sequences of P1 clones DS07993 and DS02528 were released by the BDGP 
sequencing project, which included the genomic region around dcas. Analysis of 
these sequences showed that the entire dcas gene is embedded in a large intron of the 
gene midway, which encodes a homologue of mammalian Acyl Coenzyme A: 
diacylglycerol acyltransferase (DGAT) (Figure 4-5 C) (Buszczak et al., 2002). The 
dcas ORF was found to be encoded by seven exons (Figure 4-5 D). 
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Figure 4-5 	 Genomic region around dcas 
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Figure 4-5. dcas is at cytological position 36131-1212 and embedded in an intron of the 
gene midway. 
A. P1 blot (see Materials and Methods) probed with a dais RNA probe. (lenomic clones that contain 
dcas DNA are seen as duplicate spots. Shorter (top panel) and longer (bottom panel) exposures are 
presented: the latter shows the grid, in which each small square contains 8 genomic clones in duplicate. 
The corresponding genomic region can be identified using a key provided by the manufacturer. B. 
Compilation of genomic clones mapped to region 36B I -B2 (marked in black boxes). Above are two 
genomic clones obtained from Inga Siden (Greece). Below are clones identified from the BDGP 
webpages. Clones in pink were in the progress of being sequenced by the I3D6P. whereas clones in 
green were only mapped. C. Cenomic region surrounding dcas, highlighting its location within an 
intron of the alternatively spliced midway gene. D. Genomic organisation of dcas, showing the seven 
exons as black boxes and the introns as triangles. Start und Stop codon are indicated. 
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Conclusions and Discussion 
Extensive database searches with CAS, Cselp and the newly sequenced Dcas 
identified homologues in many eukaryotes. From each organism a single CAS 
homologue was identified, suggesting that they are indeed orthologues. Several 
functional domains have been described in hCAS. Alignment with Dcas showed high 
conservation of all of these domains, suggesting that they perform conserved 
functions. 
A repetitive domain conserved among the CAS homologues was shown to be 
distantly related to the HEAT repeats present in importin P . CAS and Cselp bind 
their cargo at the C-terminus (Köhler et al., 1999), but these studies were not 
extensive enough to accurately determine the binding region(s). The repetitive 
domain is a likely candidate to perform these activities but structural analyses of 
Dcas (or another CAS family member) bound to its cargo, importin a, would 
probably be required to confirm this. The weak conservation of the HEAT motifs 
might be considered to lend some support to the hypothesis that the importin 3 family 
evolved from a common ancestor with the importin a family, which contain the 
distantly related ARM repeats (see Chapter 1). There are other highly conserved 
domains within the CAS family but, other than the Ran-binding domain, these have 
not been functionally characterised. Curiously, the CAS family has a highly 
conserved domain, which shows similarities to monopartite and bipartite NLS 
(Dingwall and Laskey, 1991). It is inconceivable that the major nuclear import 
pathway for CAS involves its own export cargo, importin-a, but a function of the 
NLS in the regulation of transport activity is an intriguing possibility. 
Alternative splicing of hCAS has been reported (Brinkmann et al., 1999), but no 
alternatively spliced isoforms of the dcas mRNA were detected in these analyses, 
suggesting that this is not a major feature in the regulation of Dcas activity. The 
entire dcas gene was, however, found to be embedded within an intron of the midway 
gene. This is an important finding since mutations in this region, and particularly 
transposon insertions, might therefore affect dcas, midway or both. The investigation 
of this problem will be described in Chapter 5. 
5 
ISOLATION OF DCAS MUTANTS 
Introduction 
The dcas mRNA was observed to be specifically enriched in the CNS (see Chapter 
3). In order to determine whether dcas also performs tissue specific functions, it was 
important to identify mutations in dcas. Vast collections of mapped mutations exist in 
Drosophila stock centres and a wealth of sequence information has been produced by 
the Drosophila EST and genome sequencing projects carried out by the Berkeley 
Drosophila Genome Project (BDGP), European Drosophila Genome Project 
(EDGP), Flybase and Celera Genomics. Moreover, a powerful array of genetic and 
molecular resources is available in Drosophila. However, many of these are 
deficiencies, which cannot easily be used to study the phenotypes of individual genes 
out of the many that lie within the, usually large, deficiency interval. The most useful 
mutations are generally point mutations with strong phenotypes, but these have not 
yet been sequenced systematically by the sequencing projects. P-element transposon 
insertion into a particular gene is generally a useful tool, as the approx. 11kb of 
foreign DNA within a gene often disrupts its function. Collections of P-element 
insertions in the fly genome have been created in several laboratories (for example 
(Totok et al., 1993) (Rørth, 1996)) and made available to the research community 
through collections in the BDGP stock centre. As part of a programme to sequence 
the flanking region of all lethal P-element insertions, the BDGP has released many 
sequences into the EST databases. P-elements are generally inserted in the promoter 
region of genes, reducing their expression rather than altering the coding potential. 
Moreover, P-elements do not insert throughout the genome but favour specific 
regions known as "hotspots". Therefore, only some genes are affected by P-element 
insertions, but insertions into essential genes generally lead to lethality in organisms 
homozygous for the mutation. Transposon tagging and complementation with 
chromosomes containing mapped deletions are valuable techniques for identifying 
mutations in genes, and transposons have the additional advantage that they can be 
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readily mobilised to generate precise and imprecise excisions, creating new alleles of 
the gene. 
Chapter 5 	 Isolation of dcas mutants 
Results 
A P-element insertion in dcas 
Database searches with the dcas sequence identified the lethal P-element insertion, 
1(2)k03902, which is located 71bp upstream of the ATG of dcas (Figure 5-1 A). This 
line originated from the Istvan Kiss collection (Totok et al., 1993), in which the 
P(lacW) transposon was used (Bier et al., 1989). The heterozygous line 
1(2)k03902/CyO (see Appendix B for complete genotype) was obtained. CyO is a 
second chromosome balancer, which carries a mutation in the Cy gene, causing curly 
wings. Flies homozygous for the CyO balancer die in late embryonic and early larval 
stages. As an initial test, the time at which the mutants die during development was 
determined. Eggs were collected and followed to determine the proportion that 
hatched and what fraction of the pupae eclosed. Mutants homozygous for l(2)k03902 
hatched normally, but did not develop beyond the first instar larval stage. In situ 
hybridisation with dcas antisense probes showed that the P-element insertion 
abolished detectable dcas mRNA expression in the embryonic nervous system 
(Figure 5-1 B), suggesting that the lethality is due to a disruption of Dcas synthesis. 
Therefore, this thesis will hereafter refer to the P-element insertion line 1(2)k03902 as 
dcas". First instar larvae die soon after hatching, presumably because the maternally 
supplied protein is sufficient to support normal development only until the end of 
embryogenesis. Persistant activity of maternal messages is not unusual in 
Drosophila. As examples, fused and dishevelled mutations are late larval lethal in the 
presence of maternal mRNA, but embryonic lethal in its absence (Pemmon and 
Mahowald, 1987). Clones homozygous for the P-element were not recovered (data 
not shown) using eyFLP/FRT (Newsome et al., 2000), suggesting that Dcas performs 
an essential cell function. For more details on this fly line see the introduction to 
Chapter 6. 
As dcas mRNA is strongly enriched in the CNS and dcas" strains die shortly after 
embryogenesis, it was important to test whether defects in the nervous system are the 
cause of lethality. To study the nervous system of the dcas" mutant strains the 
neuronal marker 22C10, which is an antigen expressed by some CNS and all PNS 
neurons, was initially used (Fujita et al., 1982). The 22C10 monoclonal antibody was 
used for many years prior to the identification of the protein it recognises. An EMS 
screen for mutations that abolish 22C10 staining finally identified the futsch gene 
(German for absent) (Hummel et al., 2000). The protein was found to be required for 
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Figure 5-1 	 A P-element is inserted near dcas 
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Figure 5-1. A Pelement is inserted 71 bp upstream of the dcas Start codon. 
A. 7.15kb of the genomic region around dais is shown with the exon-intron structure of dcas. Start and 
Stop sites and the direction of the open reading frame are indicated. The insertion site of the P-element 
upstream of the ATG is indicated and the P-element, which is 10.69kb is drawn to scale. The individual 
regions of the P-element are colour coded, with the 3' and 5' transposase repeat units marked in red, the 
ampicillin gene in blue, the mini-white marker gene in green and the lacZ (which is fused in frame to 
the PS') in yellow. B. The P-element insertion in embryos homozygous for 1(2)k03902 abolishes dca.s 
mRNA expression. Here a stage 12 embryo is shown, when the germband has started to retract, but no 
dcas mRNA is detectable in the CNS. 
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normal dendntic and axonal development. However, no changes in the expression 
pattern of Futsch were observed in dca? (data not shown). Another commonly used 
nervous system marker isfushi-tarazu (flz) mRNA. ftz mRNA is transiently 
expressed in a specific subset of neuronal precursor cells, neurons, and glia in the 
developping CNS (Doe et al., 1988). Theftz mRNA also did not show altered 
expression in dcas" strains, as determined by in situ hybridisation (data not shown). 
Identification of more dcas alleles 
The P-element insertion appears to abolish dcas expression. To identify more 
tractable alleles of dcas, the Drosophila stock centres were searched for other 
mutations that had been mapped to the same genomic region as dcas. The cytological 
position of dcas was determined to be 36B I -132 (see Chapter 4) and database 
searches identified several mutant fly lines that had been mapped to cytological 
position 36B 1-B2 by the systematic sequencing projects or by colleagues in the field 
(see Appendix B for complete genotypes and suppliers). 14 candidate mutant lines 
were obtained and crossed to the dcas" strain, in order to test allelism by 
complementation of the lethality (Figure 5-2). 
Three strains carrying large deficiencies in the region were tested (Figure 5-2 B). 
Two of these, Df(2L)H20 and Df(2L)cact-255rv64, were found not to complement 
the P-element and are therefore likely to be deleted for dcas. In this study, 
Df(2L)H20 was used for further analyses in combination with dcas alleles, as it is the 
smaller deficiency, making genetic interactions with other deleted genes less likely. 
The homozygous dcas" strain was larval lethal, but some P-element insertion lines 
have been found to have other unlinked mutations elsewhere in the genome. To 
determine whether the lethality is linked genetically to the dcas region, the dcas" 
strain was crossed to Df(2L)H20. All dcas"IDf(2L)H20 progeny die as first instar 
larvae, as did dcas"/dca? progeny. The lethal mutation in the dcas" strain therefore 
lies within the region deleted in Df(2L)H20. This makes it likely, but does not 
formally demonstrate, that lethality is due to the insertion of the P-element near dcas. 
Two of the four P-element insertions tested did not complement dcas" (Figure 5-2 Q. 
1(2)k08 111 contains two unlinked P-element insertions in the genome, one of which 
was mapped by the BDGP to cytological position 36B1-B2 and the other to 22A7-
A8, and was not used for further studies. Strain EP(2)2592 has an EP-element 
insertion from the RØrth collection, and sequence analysis indicated that it is inserted 
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501 nucleotides upstream of the initiation codon of the dcas gene. EP-elements 
contain the upstream activating sequence (UAS) from the promoter region of the 
S.cerevisiae GALA gene. When mated with flies that express the regulatory GALA 
gene, Gal4p binds to the UAS within the EP-element and induces the EP-promoter to 
transcribe the gene immediately adjacent to the element (Brand and Perrimon, 1993; 
RØrth, 1996). It was found that the UAS promoter in EP(2)2592 is directed, so that it 
can drive expression of dcas. 
A popular way to create mainly point-mutations in the Drosophila genome is feeding 
male flies the mutagen ethylmethane sulfonate (EMS). Seven pre-existing EMS-
induced mutations had been mapped to region 36B 1 -132 by the Tear, Steward, Jan 
and Knoblich labs, in which they were identified (Figure 5-2 D). These were tested 
for allelism with dcas"by complementation. The EMS alleles Z132 and Z507 had 
been identified in a screen for mutants that affect the development of CNS axon 
pathways in the Drosophila embryo (Seeger et al., 1993) and were particularly 
interesting. However, these mutations complemented dcas", as did the l(2)36Ab, 
1(2)36Ac andfizzv46A mutations. 
Two EMS-induced mutants, EMS25 and EMS39, were isolated in a screen (T. Török, 
D. Berdnik, J. Knoblich, IMP, Vienna) for mutations showing a phenotype similar to 
that seen in dcas" imprecise excision strains (see Chapter 6). Neither of these 
mutations complemented dcasp and the dcas gene from each strain was therefore 
recovered by PCR and sequenced (D. Berdnik). In each strain, a single point 
mutation was found in the coding region of the dcas gene (Figure 5-3 A); these 
alleles will henceforth be referred to as dcasEM25  and dcasEMS39.  The dcasEMS25  allele 
changes amino acid residue 314 from aspartic acid to asparagine (D 314 to N). This 
residue lies outside the conserved N-terminal Ran binding motif and causes a change 
in a highly conserved amino acid. Of all identified CAS homologues only that from 
Rice does not have an aspartate in this position. In the dcasEMS39  strain the mutation 
alters the sequence at the 5' splice site within the first intron and is predicted to result 
in intron inclusion resulting in the production of a truncated protein 49aa in length 
(full length Dcas has 975aa), 21aa of which are from the intronic sequence. These 
alleles will be described in detail in the following chapters. 
Mobilisation of the P-element in dca? 
To demonstrate that the lethality of dcas" is due to the P-element insertion the P-
element was mobilised. If precise excision strains are viable, it shows that the 
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lethality was indeed due to the P-element insertion. The mobilisation was also used to 
create new alleles in dcas by imprecise excision, which would provide useful tools to 
study the function of dcas. 
P-elements used for mutagenic analyses generally contain the inverted terminal 
repeats necessary for transposition, but lack transposase activity. In contrast, the line 
Sb P(ry A2-3), hereafter denoted as Sb, 4.2-3, contains a P-element which encodes 
the transposase but is itself unable to transpose (Robertson et al., 1988). 
Transposition of the P-element in dcas" was activated by crossing it to strain Sb, 42-
3. Progeny which had undergone P-element excision and loss were identified visually 
by the change in eye colour due to loss of the white eye (w+) marker carried on the 
P-element (see Figure 5-1 A). Excision of P-element can be precise, in which case 
the accurate removal of the P-element regenerates a strain that is genetically similar 
to wild-type (Figure 5-3 132). Alternatively, mobilisation can result in imprecise 
excisions, in which case either part of the P-element not containing the functional w+ 
marker is left behind or part of the flanking genomic sequence is removed together 
with the P-element (Figure 5-3 133). 
The dcas" strain was crossed to Sb, 2-3 to activate the P-element (Figure 5-4 A) and 
single males carrying the transposase were selected and subsequently crossed to 
females carrying the balancer stocks (Figure 5-4 B). Progeny were screened for white 
eyes and 35 lines with an excised P-element were obtained, which are referred to as 
dcas* (Figure5-4 Q. 
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Figure 5-3. New dcas alleles were created by EMS mutagenesis (D. Berdnik) and 
mobilisation of the P-element. 
A. The intron/exon structure of dais is indicated. The black boxes indicate the predicted open reading 
frame. The base changes in dcasEMS39  and  dcasEMS25  are shown. "RanBD" marks the position of 
the Ran binding domain. B. Cartoon of P-clement insertion and the different forms of excision. 1) The 
P-element insertion (blue box) 5' of the AUG of dcas (yellow box) and midway (green box) is 
schematically shown and the direction of the open reading frames indicated by arrows. 2) Precise 
excision regenerates the wild-type sequence. 3) Imprecise excision of the P-element can either a) leave 
a residual fragment of the P-clement behind or b) delete a region of genomic DNA. 
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Figure 5-4 	Genetic strategy for P-element mobilisation 
A 	+ 
SP Sb,2-3 
CyO ' TM6, Ubx 
males with 
stubble and curly wings 
selected 
YW67 dcasPw+lacW + 
;+ 
dIU t;.Ad 	&w 	j,.0 females 
discarded 
B 
0i 7 dcaswlacW Sb,'2-3 x 	"' I'm •± 
CYO 	 + 	 yj ,67' CYO '+ 
single males with 
white eyes and curly wings 	 short bristles (Pin) 
selected 
dcasp* - 	x sts yw67 dcas w+ IacW ci' yw67; 	
CyO + 	41  yw67 	CYO 
males and females with 
white eyes and curly wings 
/ 	
and curly wings 
selected 
D 	 dcas1 w • ... x W yw67  dcasp* w 	+ 
CyO '+ 	 yw67' 	CyO 
stock of 
excised P-element line 	
yw 	dcasp* w . + 
kept 	 yw67' 	CyO 	'+ 
W virgins 
iV males 	 dcas w lacW original P-element line 
I single male 	 dcasp* w- 	line with excised P-element 
X crossed with 
separates chromosomes 
+ wild-type 
Figure 5-4. The P-element was excised from 35 lines. 
Females of the P-element line dcas'3 were crossed to males expressing the tranSposase Sb, A2-3. 
The progeny were selected for stubble wings (Sb) and curly wings (CyO), while progeny with big 
haltere (TM6) and extra bristles (SP) were discarded. In these progeny the P-element is enabled to hop. 
Males from A were crossed to females with the Pin and CyO balancer to balance lines with an 
excised P-clement. From these progeny, single males with white eyes (excised P-element) and curly 
wings were selected, whereas flies with Sb and Pin were discarded. C. Males from B were crossed to 
females of the P-element line dcas. The progeny were selected for white eyes and curly wings. D. 
Males and females from C with an excised P-element (white eyes and curly wings) were self-crossed 
to expand the stock. 
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Characterisation of excised strains 
All the obtained 35 lines were made into stocks with the balancer chromosome CyO, 
carrying a curly wing mutation. Flies homozygous for dcas°° were identified by their 
straight wing phenotype (Cy) and their viability was assessed. 19 strains were found 
to be homozygous viable and 16 strains homozygous lethal. 18 of the viable alleles 
were also viable in combination with the original P-element insertion and with 
Df(2L)H20. However, dcas 24 was semi-lethal in combination with these stronger 
mutations. 
All viable lines were checked for female sterility by crossing homozygous females to 
wild-type males and testing for progeny. Three lines, dcas'', dcas" °24 ' and 
dcas js28  were found not to have any progeny and were therefore female sterile 
(fs)(Table 5a). 
The viable lines were also tested for temperature sensitivity by starting three 
individual crosses of dcas"° to Df(2L)H20 and then placing one vial at 18°C, one at 
25°C and one at 29°C (Table 5a). The progeny at each temperature were scored for 
homozygous mutant, dcas °°IDf(2L)H20 flies, which again were recognised by their 
straight wing phenotype since each strain also carries the CyO balancer chromosome. 
For two alleles, dcasbo*j511  and dcas*ft28,  no homozygous mutant progeny were 
recovered at 29°C, whereas dcas"°1Df(2L)H20 progeny were recovered at the 
expected frequency at 18°C and 25°C. The dcas ° '' and dcas"°28 alleles are 
therefore temperature sensitive (ts) for viability in combination with the deletion, and 
these mutations also resulted in female sterility when homozygous for dcas"°. 
The genomic region surrounding the P-element insertion site was recovered by PCR 
amplification and sequenced (see Materials and Methods) from each of the three 
female sterile lines and from four other viable lines, which were not female sterile or 
temperature sensitive. The three female sterile alleles, dcas*ftjj,  dcas" ° ' 28 and 
dcas 24 ', contained 37bp, 38bp and 59bp of residual P-element sequence, 
respectively (Figure 5-6 A). The other four sequenced alleles, dcas"'6 ' , dcas"°31 , 
dcas'°°29 ' and dcas'°°252 were found to be precise excisions. 
The lethal P-excision lines were crossed to Df(2L)H20 to determine the stage at 
which they die (Table Sb). The hatching-rate of all the lethal P-excision alleles was 
found to be similar to wild-type (95-100%). Therefore, none of the lines are 
embryonic lethal. When the eclosure-rate was determined it was found that all lethal 
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lines die between first instar larval stage and eclosure. dcasj*hj3  seemed to be a 
weaker allele as it often gives rise to many dead pupae, some of which die while 
eclosing. 
To determine whether the lethality is due to remaining P-element sequences or 
deletion of genomic region around the insertion site, genomic DNA was analysed by 
Southern blotting (Figure 5-5) and PCR (see Materials and Methods) with the 
assistance of Helen Munn (a rotation student of the 4 year Wellcome Trust PhD 
program). Primers were designed, which could be used to amplify 208 bp DNA 
region containing the insertion site (Figure 5-6 B, primer set HT21IHT25). 
Alterations in the sizes of the PCR product gave information about the size of 
remaining P-element DNA or deleted DNA in the mutant strains. In seven lethal lines 
varying length of P-element was left behind ranging in size from 550bp to 4.2kb 
(Figure 5-6 C and Table 5b). For nine other lethal lines no PCR product was obtained 
with this primer set, or with other primer sets that hybridise further apart, indicating 
that they contain large insertions or deletions. The other primer sets used were 
HT3IHT26, HT8IHT26, HT17IHT27, HT251HT27 and HT1OIHT26 (Figure 5-6 B). 
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Figure 5-5 	Molecular analysis of newly created alleles 
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Sad 	
11.7kb 
I 	 I 5.7kb excised and 
no P-clement 
genomic sequence 	 I 	 I 52k1) not excised 
P-clement 
dais genomic sequence = full length probe 
Figure 5-5. Characterisation of excised lines by Southern blotting. 
(jenomic DNA from each excision line was digested with EcoRI and Sad. The Southern blot was 
probed using a full-length. DIG-labelled dais probe generated from EST clone LD14270, which was 
linearised using BamHI and transcribed with Ti RNA polymerase. Most strains were heterozygous in 
the background of the CyO balancer, but some were homozygous excision strains, as indicated above 
the lanes. The cartoon shows the genomic region around dcas and the inserted P-element with all 
EcoRI and Sacl sites. A 1.7kb SacI/SacI fragment was present in all lines as expected. A 5.7kb 
Sacl/EcoRl fragment was visible in the wild-type line with no P-element or an excised P-element. In 
lines where the P-element or a part of it was still present a 5.2kb Saci/EcoRl fragment was obtained. 
Lines dcas63 and dcas20-3 are not listed in tables 5a and Sb as they had red eyes and, as the Southern 
shows, did not have an excised P-element and therefore might be the same as dcas1'. 
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Cross dcasP* w 	X 	w+; 	Df(2L)H20 
yw67 	CYO 	 CYO 
1 2 3 	 4 
y; dcasP* w- y; dcasP*  w- 	y; 	CyQ y; Df(2L)H20 
w+ CYO w+ 	Df(2L)H20 w+ CYO 	w+ 	CYO 
25% 25% 	 25% (embryonic lethal) 	25% 
Predicted adult progeny 
33% 33% (straight wings) 	 33% 
Table 5a. Analysis of viable excision alleles 
Fl % dcas'"fDf(2L)H20 viability [number 
excised P of flies with straight wings I total number of mutation method 
viable flies scored] 
18°C 25°C 29°C 
precise excisions 
dcasP '~ 16-1 / 36 [57/1581 31139/1261 - seauenced 
dcas' 3 ' 21 [10/471 29 1221771 26 [19/73] - sequenced 
dcas 91 35 [22/631 33 [34/103] 38 [24/631 - sequenced 
dcas" 252 33 (30/901 31 [58/1881 42 [35/84] - sequenced 
female steriles 
dcad"lsl 21 16/291 26 1161/6171 7115/2321 37 bo P seauenced 
dcas" ° / 30 [29/981 2 [1/63] 38 bp P sequenced 
dcas" 112  / 18 [29/1591 0 [0/2471 38 bp P sequenced 
dcas" 41 9 [3/33] 8 [3/381 2 [1/48] 59 bp P sequenced 
other viables 
dcas"21 / 28 144/1 591 / excised Southern 
dcas 122 / 43 f83/1951 / excised Southern 
dcas" ° / 32 [59/1831 / excised Southern 
dcas 2 / 37 [67/181] / excised Southern 
dcas" °3 36 [5/14] 36 [30/841 24 [8/341 
dcas" 22 33 [44/134] 25 [39/156] 29 [33/113] 
dcas!' 3  
dcas' 2 39 [20/51] 36 [37/1021 23 [9/40] excised Southern 
dcas" 1 27 [22/83] 37 [50/1351 29 [33/115] 
dcas' 12 29 [20/69] 36 [59/1661 38 [33/861 
dcas'' 3 24 [26/107] 40 [53/1321 42 [52/125] 
dcas 285 22 [6/27] 27 [3/11] 35 110/291 
Table 5a. Mobilisation of the P-element generated precise excisions and other viable strains. Lines 
were tested for temperature sensitivity by crossing the excised P-element line dcasP*/CyO  to Df(2L)H20/CyO and 
screening for the presence of adult progeny with straight wings at the different temperatures. The percentage of flies 
with straight wings showed the viability of P-element excision lines at different temperatures. For a fully viable 
excision line the expected outcome is 33%, as shown in the diagram above the table. The left column lists the name 
of the viable excision line. Bold headers indicate the three groups, namely precise excisions (+), female steriles (fs) 
and other viahies (v). / indicates that viability has not been assessed at the temperature indicated. The strains 
identified as precise excisions and the nature of the imprecise excisions in the female sterile lines have been 
confirmed by sequencing (Figure 5-6 A). The group of "other viables", are not female sterile or, where tested, 
temperature sensitive. For those lines tested, Southern blotting confirmed that the P-element is excised (see Figure 5-
5). Whether these excisions are precise has not been determined. 
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hatch-rate 
lethal excisions [%] 
dcad"272 98 
dcad"61 / 
dcas 112 100 
dcas 1134 100 
dcas'' 1 98 
dcas'' 3 97 
dcas!" 105 100 
dcasI'828 100 
dcas'12 95 
dcas" 191 100 
dcas" 3 98 




dcasP 82b 98 
total eclosure-rate total 
n [%] n 
60 68 40 
60 64 52 
60 60 40 
63 48 40 
60 68 40 
50 68 40 
60 58 40 
60 75 40 
50 70 40 
60 70 40 
60 75 40 
60 78 40 
60 70 40 
60 70 40 



































Table 5b. Analysis of lethal excision alleles 
Table 5b. 16 lethal lines were created by mobilisation of the P-element. 
The left column presents the name of the lethal excision line. It was determined whether the lines 
are embryonic lethal or lethal during larval and pupal stages by crossing the excised P-element line 
dcas/+ to Df(2L)H20/+. Approximately --60 eggs (see total for precise number) were placed onto 
grape juice plates and the hatch-rate was scored after more than 24hrs. To determine the eclosure-
rate, —40 eggs (see total for precise number) were placed on fly food vials and scored after 
approximately 14 days. All lethal lines were found to die during larval or pupal stages. However, 
many dca/' 34 mutants died as pupae and dca/I2a  mutants generally died as instar larvae 
(data not shown). For several of the lethal lines the size of the residual P-element was determined 
by PCR (Materials and Methods) using the primer set HT2I/HT25 (Figure 5-6 B). 
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Figure 5-6 	 Characterisation of excision sites 
- 	10 	 20 	 30 	 40 	 50 	 - 	60 	 70 
H0P16 - 1 	 - 	........................................................... ------:1_S 
aOP3 - 1 	 ........................................................... ______ 
H0P29- 1 	 4H411G ........................................................... 	15 
R0P25-2 I41-II"  .......... ............................................ ..... ______ 
HOP1-i 	iJ4.H4GCATGATa&AATAA ...................... ATOTTATTTCATCAT0OTGTGGAG $: 52 
a0P28-1 	frJH-I.iOCATOATGLAATkAC ..................... ATGTTATTTCATCATGGTGTGQAOt4j 53 
R0P28-2 14jI,GCATGATGkAATAAC ..................... ATGTTATTTCATCAT0GTGT0GAG 	fj: 53 
B0P24-1 LMM.&GCATOAWNAAA7AACkTATTTAACATAACATkTkACATOTTATTTCATCATOQTGTCCAG4$J1: 74 
COnSOnBU***************************************************************************:74 
B 	P-element insertion 
I 
HT25 	 HT1 0 	 HT8 HT3 HT1 7 
HT27 	HT26 HT21 
1 k 
C 
208 bp band 
Figure 5-6. Several viable and lethal lines have residual P-element sequences. 
A. The site previously occupied by the P-element was sequenced in eight excised lines and their 
alignment is shown. Identical nucleotides are in yellow, framed with blue boxes and the consensus is 
marked by a star when the nucleotides in all eight lines are identical. HOP followed by a number refers 
to the excision line, subsequently referred to as dcasP*01u  nwflbt'r
*
The sequence alignment shows 
four precise excisions and four imprecise excisions, with different lengths of residual P-element. 
H0P28- 1 and H0P28-2 originated from the same excision cross, but were initially analysed separately. 
Sequencing showed that they contained the same residual P-element sequence and they were thereafter 
referred to as dcasft28 . B. Cartoon of the genomic region. dcas is indicated in black/grey, with the 
first intron shown in grey. Different combinations of primer sets were used in an attempt to map 
genomic deletions around the excision site. Red: non-coding regions; Green: midway. The P-element 
insertion site is indicated. C. PCR analysis showing residual P-element fragments of varying length. 
The template was genomic DNA from heterozygous lethal excision lines. In this experiment the primer 
set HT2 lfHT25 was used (performed by Helen Munn). The 208 bp fragment expected for the balancer 
allele (and wild-type) is indicated. This band is only weakly amplified because the PCR conditions 
were optimised for especially long fragments. 
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Conclusions and Discussion 
A P-element insertion, designated dcas, was identified, which was inserted 71nt 
5' to the predicted AUG initiation codon of the dcas ORF. It is therefore very 
likely that this insertion separates the promoter from the coding region of the gene 
and, consistent with this, zygotic mRNA expression of dcas was abolished in later 
embryos in homozygous dcas" lines. As reported in Chapter 3, a substantial 
amount of dcas is maternally supplied and the dcas" lines were able to complete 
embryogenesis, presumably as a consequence of this maternal supply of mRNA. 
In wild-type lines the maternally supplied dcas mRNA is degraded at gastrulation 
with zygotic dcas mRNA expression detectable in late stage 9. In the dcas" lines 
zygotic expression of dcas mRNA is likely to be completely inhibited leading to 
depletion of the proteins and larval lethality. Although dcas mRNA is strongly 
enriched in the CNS, the embryonic nervous system of dcas"mutants did not 
show any clear morphological changes. More subtle functional defects are 
certainly possible, but would be difficult to assess in first instar larvae. The dcas" 
/Df(2L)H20 deficiency was also found to be lethal as first instar larvae, 
suggesting that the P-element is likely to be functionally a null. This was 
confirmed by not obtaining homozygous clones using the Flp/FRT system. 
To identify further dcas mutants, several fly lines with mutations that had been 
mapped to 36B 1-132 were crossed to dca?. Two fly lines deficient for dcas, two 
further P-element insertions and two EMS alleles were shown to be allelic to 
dcas. The EMS alleles were sequenced (D. Berdnik, IMP, Vienna) and found to 
contain point-mutations within the dcas gene. One allele, dcasEMS39,  was found to 
be mutated in the splice site consensus of the first intron, causing a truncated 
protein product. The mutation in dcas125  was in the second exon and was 
predicted to result in a non-conservative aspartate to asparagine change in a highly 
conserved amino acid. These mutations would be predicted to strongly impair 
Dcas synthesis and function, respectively, and provide valuable tools that will be 
used in subsequent chapters to characterise Dcas function. 
Precise excision of the P-element of dcas" resulted in lines that showed apparently 
wild-type growth, demonstrating that the lethality of the transposon line is indeed 
due to the insertion of the P-element near dcas. Imprecise excisions were also 
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Chapter 5 	 Isolation of dcas mutants 
identified; three lines were found to be female sterile, and two of these were also 
temperature sensitive since they failed to yield viable flies at 29°C when 
combined with the Df(2L)H20 deficiency. In each of these lines the excision was 
found to have left behind a small (37 to 59bp) segment of the P-element. These lie 
outside of the open reading frame, probably within the 5' untranslated region (5' 
UTR) of the mRNA, and are therefore likely to affect the expression level of Dcas 
rather than the sequence of the protein. Since dcas is an essential gene (see 
above), viable lines that show defects are presumed to carry hypomorphic 
mutations. Non-viable excision lines were found to have larger residual regions of 
the P-element, which presumably have more drastic effects on Dcas expression. 
All of these data strongly supported the essential function of dcas but it remained 
a formal possibility that the lethality was actually due to disruption of the function 
or expression of the midway gene, since the entire dcas genomic region lies within 
a large intron of the midway transcript. The resolution of this question will be 
described in Chapter 6. The remainder of this thesis will describe how the novel 
dcas alleles were used to provide fresh insights into the specific functions of a 
transport factor in the development of a multicellular organism. 
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DCAS ALLELES SHOW SPECIFIC 
PHENOTYPES IN THE PNS AND DURING 
OOGENESIS 
Introduction 
Results presented in previous chapters show that Dcas is highly conserved between 
species, suggesting that its function might also be conserved. The CAS proteins are 
nuclear export factors for the importin a family. Importin a mediates the nuclear 
import of proteins that contain classical nuclear localisation signals, which are found 
in a wide range of proteins involved in most aspects of development. A ubiquitous 
expression pattern and a general requirement for Dcas were therefore expected. 
However, dcas mRNA was specifically enriched in the CNS, suggesting a 
particularly high requirement for Dcas in certain tissues at certain developmental 
stages. In order to address this, the mutant alleles of dcas obtained from the P-
element excision screen were analysed in different combinations for specific 
phenotypes. 
The life cycle and appearance of Drosophila melanogaster are well described so 
abnormalities can readily be detected and compared to known phenotypes and to 
mutations in other gene products. Some of the most apparent features of the adult 
wild-type fly are the large red eyes, consisting of approximately 750 ommatidia, as 
well as the six legs and two wings which have a distinguished pattern of veins. The 
entire adult fly is covered in a prominent pattern of differently sized bristles, many of 
which are external sensory organs (ESOs) derived from the PNS. The ESOs are 
mechano-sensory organs, in which the bristle (shaft) responds to pressure changes or 
the air movement associated with air-borne sounds. The excited shaft stimulates the 
socket cell that surrounds the shaft. The socket cell is connected to a neuron, which is 
protected by a sheath cell. Once the stimulus reaches the neuron it is relayed to the 
CNS via axons. This stimulus causes the fly to fly or walk in particular directions. 
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This Chapter describes how dcas excision mutants affect macrochaetae and 
microchaetae, which are ESOs that are particularly easily detected on notum and 
head. 
The phenotypes associated with the imprecise excision alleles could be a 
consequence of tissue-specific disruption of promoter function due to the residual P -
element sequences or reflect genuine differences in the requirements of different 
tissues for dcas function. To distinguish between these possibilities, the phenotypes 
of the two EMS-induced, lethal point mutations that alter the Dcas protein sequence 
(see Chapter 5) were compared to the phenotypes of the excision alleles. The EMS 
alleles of dcas were identified in a genetic screen for mutations affecting cell lineage 
in Drosophila ESOs (Daniela Berdnik, Tibor Török and Jurgen Knoblich, 
unpublished) using a tissue-specific FIpIFRT system (Newsome et al., 2000). Male 
flies carrying FRT-sites close to the centromere of an individual chromosome arm 
were mutagenised and crossed to females carrying a cell-lethal mutation on the same 
FRT-chromosome and a transgene that expresses the Fip-recombinase under the 
control of an eyeless enhancer fragment. The progeny of this cross are heterozygous 
for the generated mutation but become homozygous in all tissues that express eyeless. 
Even though this system was designed to analyse eye development (Newsome et al., 
2000), mutant clones extend over the whole head capsule and include most of the 
macrochaetae and microchaetae on the head. 
In addition, to confirm that observed phenotypes in dcas", dcas*,  dcas 25 and 
dcasEMS39 were solely due to a mutation in dcas, genomic rescue constructs were 
prepared, introduced into mutant background and scored for phenotypic suppression. 
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Chapter 6 	 dcas alleles show specific phenotypes 
Results 
Different dcas alleles show a very specific bristle phenotype 
Three dcas alleles, dcas"°-''', dcas1s2S  and dcas °' 24 ', were shown to have residual P-
element sequences, ranging from 37 to 59 bp, in the former P-element insertion site 
(see Chapter 5). For all three alleles the homozygous mutant flies showed no obvious 
phenotypes. However, when these alleles were placed in a background deficient for 
dcas by crossing them to Df(2L)H20, most mechano-sensory organs were missing 
shaft cells. This was seen for both, macrochaetae and microchaetae, on the abdomen, 
notum and head. The macrochaetae and microchaetae of the notum and head were 
further analysed. 
The precise excision strain, dca/° ''/Df(2L)H20, had normal macrochaetae and 
microchaetae (Figure 6-1 A and B), whereas dcas" 28/Df(2L)H20 was missing most 
shaft cells on the head and notum (Figure 6-1 C and D). The proportion of shaft cells 
that were missing appeared to correlate with the length of the remaining P-element. 
Thus dcas" 28  had fewer shafts than dcasP*jj,  with only one more nucleotide 
inserted in the dcas transcription product. dcas"°24 ' was semi-lethal making it 
difficult to obtain sufficient adult flies for detailed analyses. Further phenotypic 
studies therefore concentrated on dcas"°-128 . To test whether the observed phenotype is 
due to a disturbance caused by the remaining P-element, rather than a genetic 
interaction with another gene missing in the deficiency Df(2L)H20, dcas"° '' was 
crossed to the original P-element line, dcas", and several other lethal excision lines 
(dcas*142, dcas" °191 , dcas °°1124 and dcasb°*I82a),  derived from dcas". The bristle 
phenotype seen in the backgrounds of these lethal alleles was similar to that in the 
deficiency strain and therefore is due to the disruption caused by the remnants of the 
P-element (data not shown). dcasP*ft11  and dcas 28 were also found to be 
temperature sensitive (Chapter 5) and hence it was tested whether the phenotype 
could be enhanced at 29°C. The SOP of macrochaetae is already determined during 
larval stages whereas the SOP of microchaetae is determined 9-10 hours after 
puparium formation (APF). Third instar larvae were placed at 29°C and left to eclose. 
While, the phenotype did not appear to be stronger, the viability was reduced and all 
subsequent studies were therefore performed at the permissive temperature of 25°C. 
To test whether the observed phenotypes only occur when the promoter region of 
dcas is changed, the two different EMS-induced lethal point mutations that alter the 
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Figure 6-1 	 dcas mutants have a bristle phenotype 
Figure 6-1. dcasft281Df(2L)H20 lacks shaft cells on the notum. 
Scanning electron micrographs of adult nota. (A) and (B) dca.s'"/Df(2L)H20 (precise excision of P-
element) showing a notum with normal microchaetae and macrochactac. (C) and (D) 
dcas!' 281Dft2L)H20 (imprecise P-element excision) notum in which most macrochaetae and 
microchaetae are missing the shaft cell. Scale bar is 200 prn in (A), 100 gm in (B). Magnification is 
identical in (A) and (C) (B) and (D). 
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Dcas protein sequence were studied (initial analysis originated from JUrgen 
Knoblich's lab). Homozygous headclones of dcasEMS2S  and dcasEMS39  exhibited a 
phenotype similar to the dcas'" 281Df(2L)H20 strain with most shaft cells missing 
(Figure 6-2). Therefore, the phenotypes observed in dcas alleles must be due to a 
particularly sensitive requirement for Dcas in the PNS at the time of ESO 
development. When crossing the excision strains dcasbo*j51  and dcas" 24 ' to dcasEMS39 
the bristle phenotype was also observed and even slightly enhanced, demonstrating 
that these independently derived mutations in dcas have similar effects on the 
function of Dcas. (The original dcas125  line obtained from the Knoblich lab was 
contaminated and most genetic studies were therefore performed only with dcasEMS39; 
analysis of dcas EMS25  in the following chapters were performed on a newly obtained 
stock.) 
In conclusion, several allelic combinations of mutations in dcas caused a similar 
phenotype in the mechano-sensory organs on the notum and head. These mutations 
included both the P-element derived alleles, which presumably reduce expression of 
the gene product, and the EMS alleles that alter the sequence of dcas. To test whether 
dcas over expression also produced a phenotype in the external sensory organ, strain 
EP2592 (for a detailed description of this line see Chapter 5) was crossed to 
scabrous-Ga14. This line has a P[Ga14] insertion at the scabrous locus and expresses 
Ga14 in SOP and surrounding cells and later in the external sensory organ (Nakao and 
Campos-Ortega, 1996). However, no defects were seen in the ESO in this strain. 
Female sterile dcas mutants arrest at different stages of 
oogenesis or embryogenesis 
When testing for female sterility, females homozygous for the P-element excision 
were crossed to wild-type males to determine whether they would produce any 
progeny (see Chapter 5). Homozygous dcas'', dcasl*js28  and dcas" 24 ' were found 
to be female sterile, as were females with these alleles in combination with the dcas 
deficiency. To determine the stage at which development of the progeny fails, 
homozygous females were crossed to wild-type males. dcas'' females laid eggs 
with normal appearance, but none of them hatched. dca/ 28 laid flaccid eggs, none 
of which hatched, while dcas 24 ' did not lay any eggs at all. The fs phenotype of the 
three female sterile alleles therefore formed an allelic series consistent with the 
length of the remaining P-element sequence, similar to the bristle phenotype in these 
lines (see above). 
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Figure 6-2. EMS mutations in dcas also cause loss of shaft cells. 
Scanning electron micrographs of clones of homozygous dcasMSl9  and dcasEMS25  mutations in the 
head induced by eyeFLP. (A) macrochaetae and microchaetae pattern on wild-type head. (B) dca.sEMS39 
and (C) dcas1MS25  headclones missing shaft cells. Scale bar in (A) represents 100 gm and the 
magnification of (A,B,C) are identical. 










Figure 6-3. Different dcas alleles arrest during different stages of oogenesis, have 
much smaller ovaries than wild-type and often have too many nuclei. 
A. Ovaries of the different female sterile alleles of dcus are shown in comparison to dcas*+jó.  These  
images are not to scale. dais alleles arrest at different stages of oogenesis. Egg chambers frequently 
appear to be fused or the stalk cells are too short. In addition, the terminal filament seems to be 
extended in many cases. B. An egg chamber of 	*fr241 in comparison to an egg chamber of 
dca)3 k+ 16 to the same scale, showing that the ovaries of the female sterile alleles are much smaller 
than in the precise excision strain. C. In dcas"ft24 ' there are often too many nurse cell nuclei in 




To investigate whether the ovaries were defective, the homozygous females were 
dissected (see Materials and Methods). In each of the mutants the ovaries were much 
smaller and more fragile in comparison to control flies homozygous for the precise 
excision dcas*+boj,  which were not female sterile (Figure 6-3 B). Ovaries from 
individual flies originating from the same mutation in dcas often showed different 
penetrance of the phenotype. For example, dcas'' flies laid only eggs of normal 
appearance, but still in many individuals the ovaries were found to have arrested as 
early as stage 9 of oogenesis. These observations were made at 25°C. Since dcas*j5 
and dcas"°-' 28 were temperature sensitive (see Chapter 5) the phenotypes in oogenesis 
were assessed at the restrictive temperature. dcas mutants and the precise excision 
line were kept at 18°C, 25°C and 29°C for three days prior to dissection, fixation and 
mounting of the ovaries. dcas''' most commonly arrests around stage 9 of 
oogenesis at all temperatures. However, at the lower temperatures the younger egg 
chambers look much more normal, whereas at 29°C they look substantially abnormal. 
dcas'°°1'28 and dcas' 24 ' flies showed stronger phenotypes than dcasp /
si-I 
, generally 
arresting at earlier stages (Figure 6-3 A). Furthermore, dcas' °-'' and dcas"°28 often 
showed fused egg chambers and extended terminal filaments whereas dcasp24j flies 
often had too many nurse cell nuclei and several rows of follicle cells (Figure 6-3 Q. 
Together these observations indicate that several key developmental processes in 
early oogenesis fail to proceed normally. 
Other developmental effects of Dcas 
Headclones homozygous for the dcas F11125  mutation showed a strong eye phenotype, 
whereas dcas`fs 	and dcasEMS39  had no obvious eye phenotypes. At low 
magnification, the eyes of dcasEM121  mutant flies had a rough appearance (Figure 6-4 
B). At higher magnification, it became obvious that the bristles of the eye are 
frequently multiplied and the ommatidia often seemed to have an outgrowth, which 
has been referred to as a 'blueberry' phenotype (personal communication Kevin 
Moses; Figure 6-4 D-F). 
The wings of precise excision alleles in combination with dcas deficiencies did not 
show a phenotype whereas the female sterile lines most commonly had thickened 
veins or growth of short vein fragments at locations where no veins should be 
present. Frequently the fifth longitudinal vein was shortened, with a fragment missing 
from the wing posterior (data not shown). 
The eye and wing phenotypes of dcas mutants indicate that Dcas might play a critical 
role in other tissues. This was not further investigated since the phenotypes were not 
as striking as the absent shaft cells of the mechano-sensory organs and might be (at 
least partly) mechanistically related (see Chapter 9). 
Dcas rescues all phenotypes 
The entire dcas gene is embedded in a large intron of the gene midway (Chapter 4). 
The relatively large P-element, which is inserted near dcas and mutations with 
remaining P-element sequence, could potentially affect expression of both dcas and 
midway. To determine whether the observed phenotypes are solely due to disruption 
of dcas function, two genomic rescue constructs were generated from genomic clone 
DS00629 (Chapter 4), which allowed dcas expression under its own promoter (see 
Materials and Methods). The construct named "Rescue 1" contained the dcas full 
length ORF, including some of the adjacent sequence of the midway gene (Figure 6-5 
A). However, this construct was missing the promoter region and the first two exons 
of the midway gene. The second construct, named "Rescue 2", contained only the 
full-length open reading frame of dcas, with none of the midway sequence (Figure 6-
5 A). The dcas genomic fragments were cloned into pCa4, a P-element 
transformation vector containing a w marker, which allows the identification of 
transformed flies by their eye colour. This plasmid was co-injected with transposase 
A2-3 into young w" 8 embryos (see Materials and Methods). The w" 8 line has a 
mutation in the white gene, which causes white eyes. When the w gene is re-
introduced the flies can be selected by their red eye colour. Progeny were kept under 
optimal conditions (see Materials and Methods) and back-crossed to w" 8 to expand 
fly lines containing the rescue constructs (Figure 6-5 B). It was determined on which 
chromosome the rescue constructs had inserted by crossing the lines to chromosome-
specific balancers. For the first rescue construct, "Rescue 1", 17 independent lines 
were isolated, of which three insertions mapped to the X-Chromosome, six to the 2' 
chromosome and eight to the 3 chromosome. 10 lines were established for "Rescue 
2", of which two mapped to the X-Chromosome, five to the 2" chromosome and 
three to the 3t1  chromosome. 
To test whether these genomic constructs were able to rescue all the observed 
phenotypes, insertions in the X-chromosome and 3 '  chromosome were chosen for 
each rescue construct. It was found that indeed the larger rescue construct was able to 
suppress all of the observed phenotypes. The smaller rescue construct, which 
i!'11I. 
contained dcas alone, was not able to rescue the lethality of dcas"/Df(2L)H20 and 
two lethal excision strains tested (dcas" 1421Df(2L)H20 and dcasbo*I9ufDf(2L)H20).  It 
nonetheless rescued the bristle phenotype, temperature sensitivity and female sterility 
of dcas" 281Df(2L)H20, as well as the lethality of dcasEMS391Df(2L)H20.  Therefore, 
the observed phenotypes in the PNS and in oogenesis are caused by defects in the 
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Figure 6-4. Bristles in the eye are often multiplied and the ommatidia show a 
'blueberry' phenotype. 
A-I;. Scanning electron micrographs of wild-type flies and homozygous dcas MS25  mutants in the head 
induced by eyeFLP. A. Head of a wild-type fly (OrR) shows normal ESOs on the head and normal 
eyes. B. Head of a dca.SLMS25  fly is missing shaft cells of the ESOs and has a rough eye phenotype. C. 
and D. 2 X magnification of boxed areas from A and B. respectively. E. and F. Higher magnification of 




Genomic rescue constructs 
A 	 P-element insertion in dcas1' 
NcoI 	 Sac!! 	dcas 	 Nco! 
midway 	 1st exon midway 
1 kb 
Rescue 1 
I 	 I Rescue 2 
.J 
Rescue 2 
number of w1118 embryos injected 
with plasmids containing rescue DNA 
and transposase 
number of larvae, which hatched 
after injection 
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Figure 6-5. Fly lines were created containing the two rescue constructs. 
A. The genomic region around dcas is shown, with ilcas exons indicated as black boxes and an arrow 
showing the direction of transcription. Flanking exons of the midway gene are also indicated as black 
boxes with their transcription indicated with an arrow. Restriction sites used to clone the genomic 
rescue constructs are indicated. NcoI sites were used to subclone the construct 'Rescue 1' and the SacIT 
site was used to generate the shorter construct 'Rescue 2'. The P-element insertion site is indicated with 
a vertical arrow. B. Scheme for creating tlylines containing the two rescue constructs. The text in black 
on the left describes the single steps, that were performed to obtain the fly stocks. In red are the 







Figure 6-6 	Genetic strategy to rescue the phenotypes 
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Figure 6-6. dcas rescues all phenotypes. 
A.-D. Schemes of the crosses performed to determine whether the two genomic rescue constructs of 
dctis are able to rescue the phenotypes of different dcas alleles. dcasw+  refers to the different rescue 
constructs. E. Data for the degree of rescue of the dcas phenotypes by constructs I and 2. The 
percentage of rescue is given and in brackets the total numbers of rescued flies over the total number of 
flies scored. Data above the dashed line states rescue of the lethality. Rescue 1 does rescue the lethality 
of all different dcas alleles tested, whereas Rescue 2 does not rescue the lethality of dcash°  and lethal 
excision lines tested, but it does rescue the lethality of dcas! MS39. Underneath the dashed line are the 
rescue data for the bristle phenotype. The percentage stated refers to straight winged flies with normal 
bristles. The progeny marked with a star was found to have been rescued for temperature sensitivity 
and female sterility. 
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Conclusions and Discussion 
Several specific phenotypes were found in each of a number of independently 
derived dcas alleles. Most notably the external sensory organs of mutant flies were 
consistently deficient in shaft cells. This was observed in the imprecise P-element 
excision lines, dcas1!*,  which are predicted to reduce Dcas expression levels, as well 
as in the EMS derived point mutations that change the Dcas protein sequence. 
Therefore, the dcas function in all these different alleles is affected and fails to meet 
the apparently high demand for Dcas during ESO development. The detailed analysis 
of this phenotype will be described in the remainder of this thesis. 
To test whether over expression of dcas would also provoke defects in the external 
sensory organs, use was made of a pre-existing EP-element insertion (Rørth, 1996) in 
which the GAL UAS promoter was correctly orientated to drive dcas expression. No 
defects were observed in the ESOs, when expression was driven by the tissue specific 
GALA driver, scabrous. Subsequently, a screen was published in which the authors 
crossed many EP lines to the scabrous driver and tested for defects in the external 
sensory organs (Abdelilah-Seyfried et al., 2000). In agreement with the results 
presented here, no defect was observed with line EP2592. This indicates that over 
expression of Dcas does not have a particular defect in the external sensory organ, 
although further experiments would be required to formally demonstrate that the EP 
line is actually functional for dcas over expression. 
The excision alleles that show the bristle phenotype are also female sterile and 
temperature sensitive. The individual mutations have 37, 38 and 59 bp residual P-
element sequences in the insertion site. Strikingly, the lengths of residual sequences 
correlate with a clear phenotypic series in the penetrance of the bristle-phenotypes 
and defects in oogenesis. Therefore, dcas expression seems to be very sensitive to 
minor changes in the 5' UTR sequences. 
The defects observed in oogenesis included excess nurse cell nuclei, fused egg 
chambers and extended terminal filaments. These phenotypes are very specific and 
were enhanced at the non-permissive temperature. Formation of terminal filaments 
and normal morphogenesis in oogenesis requires the gene bric a brac (Godt and 
Laski, 1995), which encodes a nuclear protein. It will be interesting to see whether 
disruption of nuclear transport of Bric a brac in dcas mutants underlies the 
phenotypes in oogenesis. The role of Dcas in oogenesis is likely to be a fruitful topic 
for future investigation but was not further examined in this thesis. 
Li!i!11tii6 
Other phenotypes were observed in eye and wing development. Whether all of the 
developmental defects result from interference with a single common regulatory 
pathway, or reflect the perturbation of several different pathways, remains to be 
established. 
A genomic rescue construct with only the open reading frame of dcas was not able to 
rescue the lethality of the P-element insertion or imprecise excision strains. One 
possible explanation is that the promoter region of dcas extends beyond the small 
rescue construct, which is therefore unable to fully rescue the lethality, but is 
included in the larger rescue construct. The alternative explanation, that midway 
function is also disrupted by the P-element and the larger construct rescued, is 
unlikely, as the first two exons of midway and the promoter region are missing from 
the construct. The bristle phenotype, temperature sensitivity, female sterility and the 
lethality of dcasEMS39  were rescued by the smaller rescue construct. 
It is likely that there are specific requirements for Dcas in the regulation of different 
developmental events in a multicellular organism. This function will be investigated 
and discussed further in the following chapters using the bristle phenotype as the 
object of detailed study. 
7 
DCAS IS REQUIRED FOR CELL FATE 
SPECIFICATION IN THE PNS 
Introduction 
The macrochaetae and microchaetae are mechano-sensory organs, which are 
organised in a distinct pattern over the entire body of an adult fly. Each mechano-
sensory organ consists of four cells. The two outer cells are shaft and socket and the 
two inner cells are sheath and neuron. The external sensory organ (ESO) originates 
from one sensory organ precursor (SOP) cell, which is determined via a lateral 
inhibition mechanism. Intensive research on the development of the ESO has 
provided valuable insights into the mechanisms of cell fate specification and many 
proteins have been shown to play roles in the determination of cell fate. 
As reported in Chapter 6, ESOs in dcas flies largely lack shaft cells. This could be 
due to a failure to define SOP cells leading to the absence of the entire ESO, or to a 
defect in cell fate determination during ESO development, leading to the absence 
only of shaft cells from the ESO. These possibilities were distinguished 
experimentally by analysing the response of individual macrochaetae to mutations in 
dcas. 
However, visual inspection by light-microscopy is not sufficient to determine 
whether specification of the inner cells of the ESO was also affected in the dcas 
alleles, as only the outer cells can be observed and not the cells under the cuticle. 
ESO development has been described in detail and emerged to be a good model 
system for studying asymmetric cell division. Many proteins have been identified, 
which are expressed in a subset of cells of the cluster at specified times, and 
antibodies that decorate these proteins can be used in various combinations to 
determine the identity of each cell during ESO development. For example, 
Suppressor of Hairless (Su(H)) is a transcription factor, which is 'expressed 
exclusively in the socket cell (Gho et al., 1996). Prospero (Pros) is a homeo-domain 
KE 
protein only expressed in the sheath cell (Manning and Doe, 1999). Cut is also a 
homeo-domain protein, which is expressed in all cells of the external sensory organ, 
and therefore can be used to identify the sensory organ clusters against the 
background of pupal cells (Blochlinger et al., 1990). E1aV expression is restricted to 
the neuron (Bier et al., 1988). By around 281irs APF, the macrochaetae and 
microchaetae clusters exist in their final cell constellation. Use of these markers 
allowed to determine the fates of all the ESO cells in dcas mutant pupae. 
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Results 
Individual macrochaetae respond differently to loss of dcas 
function 
Each wild-type adult fly has 13 pairs of macrochaetae on the notum and 7 pairs of 
macrochaetae on the head. Each pair is symmetrically located in a highly 
reproducible pattern (Figure 7-1 A) and individual macrochaetae can be readily 
identified by their position. To assess whether Dcas plays a role in the SOP 
determination, sites of absent sensory organs were scored in the dcas' 281Df(2L)H20 
line in comparison to ESO clusters that showed multiple sockets and those that were 
morphologically normal, with one shaft and one socket (Figure 7-1 and Materials and 
Methods). All macrochaetae on the nota and heads of mutant flies were scored for the 
phenotypes. A representative fly is shown in Figure 7-1 B and the data are 
summarised in Figure 7-1 C. 
This analysis revealed a striking heterogeneity in the penetrance of the defects 
induced by dcaso*js28IDf(2L)H20 in the macrochaetae located at different positions. At 
most positions, the ESO had external features characteristic of the production of too 
many socket cells. This will be referred to as a multiple socket phenotype. At some 
positions the ESO was occasionally entirely absent, but at other positions it was 
never missing. At only a few positions were a socket and shaft generally seen. Even 
here the shaft frequently had an abnormal appearance, being shorter and of a 
smoother texture than wild-type shafts (data not shown). Most striking was the 
pattern of the orbital bristles on the head. The anterior and posterior orbital bristles 
always showed a multiple socket phenotype, whereas the medial orbital bristle 
always consisted of shaft and socket. The humeral bristles also consistently showed a 
multiple socket phenotype. 
In mosaic flies carrying the EMS alleles dcasEM539  and dcasEMS25,  macrochaetae on the 
head also lacked shaft cells and the individual macrochaetae were therefore scored 
for the frequency of multiple sockets (these data are summarised in Figure 7-2 A and 
for representative flies see Figure 7-2 B and Q. Comparison of the EMS induced and 
P-element excision dcas alleles shows that they form an allelic series for the 
frequency of multiple sockets: dcasEMS39 < dcas" 28IDf(2L)H20 < dcasE. For 
example, in the dcasEMS2S  line 69% of macrochaetae at the medial orbital bristle 
position show a multiple socket phenotype, whereas this position always consists of 
hair and shaft in dcas 39 and dcas" 28IDf(2L)H20. This indicates that the 
Figure 7-1 	 Macrochaetae on notum and head 
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Figure 7-1. Most macrochaetae consist of multiple sockets in dcasp*l528IDf(2L)H20. 
A. Scheme of macrochaetac (modified from Bang et al., 1991). Macrochaetae on head and flotum are 
indicated with circles (black circles indicate the ocellars). The name of each macrochacte is written to 
the right with the abbreviation in brackets. Macrochaetae with names in red show a majority of hair 
and shalt in dcas 128i1)f(2L)H20. Those with names in blue show a ma,Lority  of multiple sockets (see 
C for numbers) B. Scanning electron micrograph of the notum of a dais' ft2M)f(2L)H20 fly. Some 
macrochaetae are marked with arrows. The colour of the arrow represents the phenotype (yellow, for 
absent, blue for multiple sockets and red for socket and shaft). See Figure 6-1 D for a magnification of 
the dorsocentral macrochaetae. C. Graph showing the quantitation of the phenotypic effects on head 
and notum macrochaetae of dcasI°  ft2 /Df(2L)H20. The 26 macrochaetae on the notum and 14 
macrochaetae on the head were each scored for socket and shaft (red) or multiple sockets (blue) or 
absent macrochaetae (yellow) in five male mutant flies. The table under the graph shows the numbers 
for the different types and the total of macrochaetae scored. The wild-type control showed 100% 
socket and shaft. Absent means that no outer cells were seen, where a macrochacte should have been. 
Flies were scored by visual inspection under an Olympus dissecting microscope. 
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Figure 7-2 	Head macrochaetae in different dcas lines 
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Figure 7-2. ESOs in dcas mutants most commonly show a multiple socket phenotype. 
A. Percentage of occurence of the multiple socket phenotype in macrochactac on the head in dca.MY 
(red bars). dca?ft28/Df(2L)H20 (blue bars) and dcas!MS25  (green bars) . The individual macrochaetae 
are abbreviated as shown in Figure 7-1 A. Data for dcasP*ft28,Df(2L)H2()  is calculated from the 
results presented in Figure 7-1 C. For dcas'"-39 13 flies were scored and for dc is'"- 9 flies were 
scored. The numbers of macrochaetae scored with a multiple socket phenotype are shown in the table 
under the graph with the total number of macrochaetae scored in square brackets. B. Typical head of a 
dcasEMS39  fly (same as Figure 6-2 B) with some macrochactac indicated, in blue for multiple sockets, 
in red for a socket and a shaft and in yellow when the ISO is completely absent. C. Typical head of a 
dcaiMS25  fly showing some examples of the multiple socket phenotype. 
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heterogeneity observed for the macrochaetae at different positions reflects differences 
in sensitivity to reduced Dcas function. The ESO was very rarely missing in dcas'M39 
(< 1%) and infrequently in dcasEMS25(5%)  (data not shown), but the ESO was clearly 
entirely absent in a few cases in each of the dcas mutant lines. 
The data from the three dcas alleles indicate that Dcas plays a role in the SOP 
specification as well as in the cell fate specification of the later lineage. In this thesis 
the more prominent phenotype of the cell fate of the later ESO lineage is 
investigated. 
Different dcas alleles show varying frequencies in socket 
numbers 
Macrochaetae in dcas1'"281Df(2L)H20 flies that lack the shaft consistently appeared 
to have multiple sockets, indicating a specific defect in cell fate determination. 
Microchaetae in dcas" 281Df(2L)H20 flies showed a multiple socket phenotype at the 
same frequency as the macrochaetae (data not shown). Under high magnification, 
microchaetae with two, three or even four socket cells were identified (Figure 7-3 A). 
The multiple socket phenotypes were investigated further by scoring for double, 
triple and quadruple sockets in the different mutant lines. In each of the mutant lines 
a proportion of the ESOs were absent or had a highly abnormal appearance and the 
number of socket cells could not be determined; these are classified as "others". For 
dcas 281Df(2L)H20 microchaetae were scored from 5 different adults on scanning 
electron micrographs (SEMs). 71% of ESOs showed a double socket phenotype and 
18% show a triple or quadruple socket phenotype (Figure 7-3 B). Macrochaetae of 13 
heads of dcasElS39  and nine heads of dcasEMS25  flies were scored on SEMs. The 
dcas 39 lines had 55% double sockets but no triple or quadruple sockets, whereas 
dcasEMS25  showed a stronger phenotype having mostly quadruple sockets (56%) and 
many triple sockets but few double sockets (Figure7-3 A and C and see Figure 7-4 A 
for representative examples). These data strongly support the conclusion that the dcas 
alleles form an allelic series, with dcas 525 being the strongest allele, followed by 
dcasi'*fs28IDf(2L)H20 and finally dcasEMS39  (Figure 7-3 D and Figure 7-2). 
Macrochaetae with the quadruple socket phenotype in dcasEMS25  showed two forms 
(Figure 7-4). One will be referred to as 'flower' shaped, as the four sockets are 
arranged like the petals of a flower (white arrowhead in Figure 7-4 A). The other will 
be referred to as 'sausage' shaped as the four sockets are aligned in a row (black 
arrowhead in Figure 7-4 A). The four sockets observed in mutant 
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Figure 7-3 	 Quantification of multiple sockets 
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Figure 7-3. Different dcas alleles form an allelic series. 
Quantification of the different bristle phenotypes in the various dais alleles is shown in the pie 
diagrams (A-C). The size of each section is determined by the percentage calculated from the number 
of ESOs showing the specific phenotype over the total number, indicated underneath. Below these, the 
different multiple socket phenotypes are shown in comparison to the normal bristle, which consists of 
one socket and one shaft. These images show microchaetae on the notum of a dcasP*ft281Df(2L)1120 
fly. A. dcasEMS39  is a weaker allele, with macrochaetae mostly displaying double sockets (blue) or 
one socket and one shaft (green) (13 individual adult flies were scored). B. dcasft281Df(2Ll1120 
microchaetae mostly consist of double sockets, but an increased level of triple and quadruple sockets 
was observed (5 flies were scored) C. dcaiMS 25 was identified as the strongest dcas allele, with the 
external sensory organ consisting mostly of four sockets, with frequent triple sockets but rarely double 
sockets or normal bristles (9 flies were scored). D. The data from pie diagrams A-C was combined into 
a graph presenting the allelic series. The graph shows the frequency. in percent, of the different classes 
of mutant mechano-sensory organs: One shaft and one socket, two sockets, three sockets, four sockets, 
absent macrochaetae or other phenotypes. 
Figure 7-4 
	


















Figure 7-4. Quadruple sockets in dcasEMexhibit  flower' and 'sausage' shapes. 
A. A three fold greater magnification of the orbital bristles from the flies shown in Figure 6-2 A. The 
medial orbital bristle of dcas1Mi9  always consists of a socket and a shaft (blue arrowhead), whereas 
the medial orbital bristle in dcasLMS25  flies most commonly has a quadruple socket phenotype. The 
shape of a quadruple socket is either flower-like (white arrowhead) or sausage'-Iike (black arrowhead) 
in dcasUIIl 25  flies. B. High magnification Scanning electron micrographs of a wild-type (OrR) 
macrochante and a sausage-like quadruple socket macrochaete from dcasIMS25. 
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dcas" 28IDf(2L)H20 show mostly the 'flower' shape and very rarely the 'sausage' 
shape. The 'sausage' phenotype is also not commonly seen in other mutants that 
affect the ESO development. The arrangement of the socket cells might suggest a 
role for Dcas in spindle orientation (see Conclusions and Discussion of this Chapter). 
Cells of the external sensory organ are transformed into 
socket cells in dcas mutants 
hCAS has been shown to play a role in cell proliferation (Brinkmann et al., 1995a) 
and the multiple socket phenotype could therefore be due to an overproduction of 
cells in the external sensory organ or a specific cell transformation defect. To 
distinguish between these possibilities, the identities of all cells in the final sensory 
organ cluster were determined and their numbers counted. For this analysis, 
antibodies to Cut, Su(H), Prospero and E1aV were used for indirect 
immunofluorescence in fixed pupal tissue. These were detected using fluorochrome-
coupled secondary antibodies and pseudo coloured images are shown in Figures 7-5 
and 7-6. White pupae were collected, dissected and fixed after 26hrs (Materials and 
Methods). Two "antibody-cocktails" were used independently to analyse the 
composition of the final sensory organ cluster. Both cocktails contained anti-Su(H) 
(green) to identify socket cells (see Figure 7-5 B for the Su(H) expression pattern on 
notum and head of a wild-type fly) and, most importantly, to determine whether 
indeed a multiplication of socket cells had taken place as the external phenotype 
suggested. Anti-Prospero (blue) was also in both cocktails, as Prospero is specifically 
expressed in the sheath cells. The cocktails differed in the third component, which 
was either anti-Cut (red) to identify the complete sensory organ cluster allowing the 
total number of cells to be scored or anti-ElaV (red) to test whether neurons were 
present, absent or multiplied (the cell lineages that express these markers are 
indicated in Figure 7-5 A and the ESOs on the head of a wild-type fly are shown in a 
merged image of the Cut-containing cocktail in Figure 7-5 Q. All tissues were 
additionally stained with DAPI to label the DNA. 
Both antibody cocktails were used on mutant pupal tissue of dcas*j328IDf(2L)H20, 
dcas 25 and dcaslMS39  and their controls dcas' 61Df(2L)H20 and OrR respectively. 
It was found that all clusters of the external sensory organs consisted of four cells, as 
judged by their Cut expression indicating that cell proliferation in the sensory organ 
lineage was not the cause of the phenotype. In macrochaetae and microchaetae with 
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Figure 7-5. A set of classical markers allows the identification of different cell fates. 
A. The different cell divisions are symbolised in the cartoon (compare Chapter 1). The circles are 
coloured depending on the expression of the indicated proteins. The four markers, Su(H). Cut, 
Prospero and EIaV used for the lineage analysis of dcas alleles are coloured depending on their time 
and place of expression. B. 4x magnification of a wild-type pupa (approx 28hrs APP), showing Su(H) 
expression in the socket cells of all microchaetae and all macrochaetae on the head and notum. C. 40X 
magnification of a wild-type head, showing the ocellar and postvertical macrochaetae (arrows) and in 
between four microchaetae (in collaboration with Daniela Berdnik). The picture is a merge of three 
different fluorescent markers. At this stage, which resembles the final cluster, Cut (red) stains all four 
cells, Su(H)(green) only the socket cell and Prospero (blue) the sheath cell. 
Figure 7-6 	Analysis of the sensory lineage in pupae 
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Figure 7-6. Shaft, sheath and neuron cells are tranformed specifically into socket cells 
in dcasP *fs28 mutants. 
(A-H) Macrochaetae visualised by indirect immunofluorescence in pupae aged 23 to 28hrs after 
puparium formation (APF). (A-D) Wild-type (OrR). (E-H) dcasP*ft28IDf(2L)H20 showing a double 
socket phenotype. The inner cells of the ESO are one sheath and one neuron and are therefore not 
affected. (1-P) Microchaetae visualised by indirect immunofluorescence in pupae aged 28 to 30hrs 
APF. (I-L) dcasP*6II)f(2l,)H20 precise excision. (M-P) dcasf 281Df(2L)H20 showing missing 
inner cells and three to four socket cells. (A), (E), (I) and (M) Cut nuclear expression in all cells of the 
mechano-sensory organs. (B), (F) (J) and (N) Su(H) expression, marking all socket cells. (C), (G), (K) 
and (0) Prospero (Pros) expression, marking sheath cells. (D), (H), (L) and (P) merge of Cut (red), 
Su(H) (green) and Prospero (blue). 
cell were present (Figure 7-6 A-H). Hence, the shaft cell was transformed to a socket 
cell while the inner cells were unchanged. Three or four Su(H) expressing cells of 
macrochaetae were difficult to image simultaneously, but in microchaetae, where 
they could be counted, either one or no inner cells was seen (Figure 7-6 I-P). Thus, 
inner cells were also transformed to socket cells. Duplication of the sheath or neuron 
cell was not observed. 
To confirm the frequency of double, triple or quadruple sockets, microchaetae of 
dcasto*j28IDf(2L)H20 nota were quantified by their expression pattern of the 
individual markers (shown for a representative staining in Figure 7-6 M-P and 
quantified in Figure 7-7). The precise excision line d cas!*+I6IDf(2L)H20 (Figure 7-6 
I-L) showed the expected pattern of four Cut positive cells, one Su(H) cell and one 
Prospero cell, correlating to four cells in the final cluster consisting of one socket, 
one shaft, one sheath and one neuron (data not shown). In the dcas' 28IDf(2L)H20 
line the expression levels of the different markers appeared to be much more 
heterogeneous, and it was frequently difficult to determine whether an individual cell 
expressed a marker or not. There was a discrepancy in the apparent cell constellations 
of microchaetae when comparing the results of external microscopic inspection and 
immunofluorescence, with the latter leading to lower estimates of the numbers of 
socket cells. For example, 71% of microchaetae of an adult fly clearly showed a 
double socket phenotype (Figure 7-3 B), whereas immunofluorescence in pupae 
detected only 11% with two sockets. Conversely, internal staining revealed a higher 
proportion of clusters in which three or four cells expressed Su(H) (29%) than the 
number of triple or quadruple socket phenotypes actually seen in the adult fly (18%). 
However, a tendency to multiple sockets was clearly established, while the total cell 
number of the cluster remained unchanged at four final cells. Therefore, shaft and 
inner cells are transformed specifically into socket cells. 
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Figure 7-7. The internal quantification differs from the external quantification. 
110 microchaetae were scored from seven individual dcaft 28/Df(21,)H2() mutant pupae, 28-30hrs 
APF. The antibodies Su(H), Cut and Prospero were used to identify the cell types. The number of 
socket cells (socs) was determined by expression of Su(H). The number of sheath cells (she) was 
determined by expression of Prospero. Shaft cells (hai) and neurons (ne) were identified by expression 
of Cut and distinguished by their size and position (the bigger shaft cell is sandwiched between the 
socket cell and the sheath cell, whereas the smaller neuron lies on the other side of the sheath cell). 
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Conclusions and Discussion 
The loss of the shaft cell in the different dcas alleles was caused most frequently by a 
transformation of shaft and inner cells into socket cells. In few cases the ESO was 
entirely absent, demonstrating that Dcas plays a role in the specification of the SOP 
cell as well as in the cell fate specification. 
It was shown that individual macrochaetae respond differently to mutations in dcas. 
This was previously shown for mutations in the gene Hairless (Bang et al., 1991; 
Nash, 1965) and it was reasoned that this is due to differential timing or regional 
differences. The microchaetae on the notum of a fly are divided into four sub-groups 
according to their pattern of fasciculation (Usui-Ishihara et al., 1995). It is possible 
that the individual regions of microchaetae also respond differently to mutations in 
dcas, but this was not investigated further in this thesis. 
Comparing the frequency of multiple sockets and accounting for the number of 
sockets in the three dcas alleles, established an allelic series dcasS39 < 
dcas" 281Df(2L)H20 < dcass2s. dcas is an essential gene (Chapter 5) and all three 
dcas alleles are hypomorphic mutations, which consequently reduce the amount of 
functional Dcas to different extents. Furthermore, it was shown that the entire ESO is 
more often absent in the stronger alleles, which is also comparable to a similar allelic 
series that was established for different Hairless alleles. When a shaft and socket 
were present, the shaft hardly ever looked normal. Often the shaft was shorter and of 
a different texture than wild-type shafts. This phenotype was described in literature 
before for Hairless alleles as partial transformation of shaft cells to socket cells 
(Bang etal., 1991). 
In Drosophila, the orientation of the spindles during the SOP divisions is essential for 
the specification of correct cell fate, as is the co-alignment of the asymmetrically 
segregated determinants, such as Numb, with the spindle (Bellaiche et al., 2001). 
ESOs of dcasEM 525 consist predominantly of four sockets. Interestingly, the four 
sockets displayed two different shapes, the 'flower' and 'sausage' shape. It is 
possible that these two shapes were caused by defects in spindle orientation. 
To determine whether the multiplication of socket cells was due to an over-
proliferation of socket cells or specific transformations of cell fates, antibodies 
against proteins specifically expressed in the sensory organ lineage were used on 
dcas mutant pupal tissue. It was found that the total number of cells in the final 
external sensory organ cluster is similar to wild-type. However, it was generally 
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difficult to image more than two socket cells (especially in macrochaetae). This has 
also been observed in alleles of other genes, that cause a multiple socket phenotype 
and was shown to be due to cell fusion (Manning and Doe, 1999). In cases of too 
many socket cells, the internal cells, neuron and sheath, were missing. It is concluded 
that cells of the external sensory organ are specifically transformed to socket cells in 
dcas mutants. 
Specific cell fate transformations in the ESOs have been associated with a wide range 
of genes. For example, mutations that increase Notch signalling resemble similar 
phenotypes. The involvement of components of the Notch signalling pathway is 
investigated in Chapter 8. 
[01 
LOCALISATION OF 
CELL FATE DETERMINANTS AND IMPORTIN 
ALPHA IN DCAS MUTANTS 
Introduction 
dcas mRNA was enriched in the CNS of the Drosophila embryo (see Chapter 3) and 
mutations in dcas caused specific phenotypes (see Chapters 6 and 7), demonstrating 
tissue specific differences in Dcas function. This could be due to particularly high 
requirements for Dcas protein in certain tissues or mean that the protein is also 
specifically expressed. To distinguish between these possibilities the pattern of Dcas 
protein expression was investigated. 
Shaft cells, and often sheath and neuronal cells were transformed into socket cells in 
ESOs mutant for dcas. This was shown by analysing the final ESO cell cluster 
through the use of classical markers for the sensory organ lineage in pupal tissue (see 
Chapter 7). The phenotypes seen in the dcas mutants closely resemble those reported 
for mutations that increase signalling by the Notch pathway. The Notch signalling 
pathway plays a role at each step of cell fate determination in the ESO lineage. Since 
Dcas is predicted to be a nuclear export factor, it seemed possible that perturbation of 
the nuclear/cytoplasmic distribution of components of the Notch signalling pathway 
might underlie the observed developmental defects. The localisation of components 
of the Notch signalling pathway was therefore analysed in dcas mutants by staining 
with antibodies against the Notch intracellular domain (gift from Spyros Artavanis-
Tsakona), Supressor of Hairless (Su(H)) (Gho et al., 1996) and Hairless (H) (Maier et 
al., 1999). Notch is a transmembrane receptor that responds to the ligand Delta, 
which is itself a transmembrane protein presented on the surface of neighbouring 
cells. When the Notch extracellular domain is contacted by Delta, the Notch intra 
cellular domain (NICD) is specifically cleaved and enters the nucleus (Struhl and 
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Adachi, 1998). The NICD binds to Su(H) in the nucleus and this complex is active in 
transcriptional activation (reviewed in (Weinmaster, 1997)). Ectopic over expression 
of Notch or Su(H) causes a multiple socket phenotype. H antagonises the Notch 
signalling pathway by binding the signal transducer Su(H) and disruption of H also 
results in multiple sockets. Disruption of the nucleocytoplasmic transport of any of 
these components might increase the activity of the Notch signalling pathway. To test 
whether the expression of any of these proteins was impaired, antibody staining was 
performed on nota of mutant pupal tissue. Pupae were dissected between 17 and 
26hrs APF. The microchaetae form colonies of approximately synchronously 
dividing cells and it was important to test for the alterations in protein expression at 
the time of division. 
Another potential explanation for the phenotypes emerged during the course of this 
project, when it was reported that CAS, Imp( and Ran function in spindle formation 
in mammalian cells, in addition to their role in nuclear transport (Carazo-Salas et al., 
2001; Dasso, 2001; Gruss et al., 2001; Kalab et al., 1999). In the dividing ESO cells 
the spindle functions in the orientation of cell division and in the segregation of cell 
fate determinants. One such determinant is the Numb protein (Nb), which is normally 
segregated only to one daughter cell (Figure 1-2). Nb binds directly to Notch 
preventing its activation. Disruption of Nb localisation therefore also causes a 
multiple socket phenotype (Rhyu et al., 1994). The distribution of Nb protein in the 
dividing microchaetae was investigated in dcas mutant pupae in experiments 
performed by D. Berdnik (Vienna). 
The function of human CAS (Kutay et al., 1997) and Cselp (Hood and Silver, 1998; 
KUnzler and Hurt, 1998; Soisbacher et al., 1998), as the export receptor for the 
importin-a family, have been assessed in permeabilised cells and in yeast, 
respectively. The CAS family is highly conserved, and there appears only to be one 
member in Drosophila (see Chapter 4), suggesting that Dcas is a functional 
orthologue of CAS/Cselp. However, to determine whether the dcas mutants are 
defective in nuclear export of importin-a in an intact organism, the distribution of 
importin-0 (Mathe et al., 2000) was visualised in pupal nota. 
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Results 
Dcas protein is ubiquitously expressed 
Antibodies directed against the Dcas protein were needed to determine whether it 
shows a tissue-specific pattern of expression. An anti-peptide antibody had been 
raised against the N-terminus of human CAS, which is 73% identical to the 
corresponding dcas region (see Materials and Methods). This antiserum (kindly 
provided by Dr. Dirk Gorlich, ZMBH, Heidelberg) was tested for cross-reactivity 
with Dcas by Western blotting. The antibodies decorated a single band from human 
(HeLa cell) nuclear and cytoplasmic extracts (generously supplied by Dr. Joe Lewis) 
but did not recognise the Dcas protein in Drosophila embryo extracts (Figure 8-1 A). 
Two peptides were therefore designed for injection into rabbits (by Dr. Ilan Davis, 
see Materials and Methods), a 20mer peptide with the N-terminal sequence of Dcas, 
and a 15mer with the C-terminus. The peptides were synthesised by Albachem 
(King's Buildings, University of Edinburgh). As rabbit sera often cross-react with 
Drosophila tissue, pre-absorbed sera (see Materials and Methods) from six rabbits 
were tested following the antibody staining protocol on wild-type embryos (see 
Materials and Methods) prior to injection. Four rabbits that showed no background 
cross-reactivity in the CNS were selected. These were injected with the peptides (two 
rabbits with each peptide) by the Scottish antibody production unit (SAPU, now 
Diagnostics Scotland). Five bleeds from each rabbit were obtained and tested by 
Western blotting following affinity purification. Two decorated a single band of the 
mobility expected for Dcas (data not shown). 
However, while testing of the anti-peptide antibodies was in progress it was reported, 
in a personal communication, that Mike Buszczak and Lynn Cooley had produced a 
rat polyclonal antibody against Dcas (see Materials and Methods). Buszczak and 
Cooley were studying the effects of mutations in midway on oogenesis (Buszczak et 
al., 2002). As described in Chapter 4, the dcas gene is embedded in an intron of 
midway. On Western blots the antibody decorated a single band of the expected size 
of approximately 110 kDa and this antibody was used for the further analyses 
reported here. 
Comparison of the wild-type and dcas mutants showed that the abundance of the 
putative Dcas band in dcas" 28/dcas" 28 was reduced in comparison to 
dcasbD*to/dcasI*h!ó (Figure 8-1 C), confirming the specificity of the antibody. The 
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Figure 8-1. Western blotting detects Dcas protein expression at all stages of 
development. 
A. Antibodies directed against the N-terminus of hCAS (provided by Dirk (iörlich) recognised a single 
band of approximately 1 lOkl)a in nucleoplasmic (Nuc) and cytoplasmic (Cyt) extracts from HeLa cells 
(provided by Joe Lewis), but failed to recognise the l)cas protein in extracts from adult flies (Fly). B. 
Dcas is present throughout embryonic development but decreases with time (decorated with anti-I)cas 
from Lynn Cooley). Numbers above the images show the time of embryo collection in hours after egg 
deposition. C. Anti-Dca.s detects substantially less Dcas in extracts from dca 'ft28/dca/)*ft28 ovaries 








Figure 8-2 	 Protein expression pattern of Dcas 
wild-type 
Figure 8-2. Dcas protein is expressed ubiquitously in egg chambers, embryos and 
pupae. (A-D). l)cas protein is shown in green, DNA in blue and Lamin in red (Images were acquired 
by Lynn Jones and Michael Buszczak). A. Stage 2 and 5 egg chambers showing that Dcas protein is 
nuclear and cytoplasmic in early egg chambers. Dcas protein is more concentrated in the oocyte 
nucleus (arrowhead) than in cytoplasm and the reverse is true in nurse cells (small arrow) and follicle 
cells. B. Stage lOB egg chamber showing that Dcas protein is localised to the oocyte nucleus 
(arrowhead), enriched in nurse cell nuclei (arrow), but is mostly cytoplasmic in follicle cells. C. 
Blastoderm embryo showing that Dcas protein is predominantly nuclear during interphase. D. 
(lastrulating embryos showing that l)cas protein is cytoplasmic in mitotic domains in the head 
(arrowheads), but nuclear in other parts of the embryo, which are in interphase. (E-G). Two 
macrochaetae and surrounding cells 24-26 hrs APP, showing the localisation of E. Cut, F. Dcas and G. 
the merge of both. Dcas is found predominantly at the nuclear envelope in all cells. 
Protein local i satiiondn_dc_aA_muta=s 
abundance of the Dcas protein was assessed during development. The maternally 
supplied Dcas is the most abundant, with the level decreasing slowly during 
embryonic development and larval and pupal stages, but increasing again in the adult 
fly (Figure 8-1 B and data not shown). However, Dcas protein was expressed at all 
developmental stages. The distribution of Dcas protein was also compared to that of 
the mRNA (experiments performed by Mike Buszczak and Lynn Jones in the lab of 
Lynn Cooley) and an enrichment of Dcas protein in the CNS was not detected. 
However, changes were observed in the total amount of Dcas and in the relative 
levels of the nuclear and cytoplasmic pools in different cells and stages of oogenesis 
(Figure 8-2 A and B), presumably reflecting the amount of nuclear transport that is 
taking place in different tissues and times during development. For example, the level 
of protein in nurse cell nuclei increased dramatically during stage 10 of oogenesis 
(Figure 8-2 B). Dcas protein distribution also varied with different stages of the cell 
cycle in early embryos (Figure 8-2 C and D). In interphase cells, Dcas protein was 
predominantly nuclear (Figure 8-2 C), but during mitosis it was distributed 
throughout the cytoplasm, because of the breakdown of the NE (Figure 8-2 D). 
To determine whether Dcas protein is specifically expressed in a subset of cells in the 
ESO, pupal tissue was decorated with the anti-Dcas serum. The protein was 
expressed in all cell types. In later pupae (24-26hrs APF) Dcas was highly enriched at 
NPCs (Figure 8-2 E-G), but in earlier pupae (16-18hrs APF) was both cytoplasmic 
and nuclear (data not shown). However, in wild-type pupae, as in ovaries and 
embryos, Dcas protein was not distributed in a tissue specific manner. The expression 
of the Dcas protein was also investigated in dcasEM25  mutants. No changes were 
detected compared to the wild-type, indicating that the observed phenotypes are due 
to the altered Dcas sequence rather than reduced expression. 
Notch, Hairless and Numb proteins are correctly localised in 
dcas mutants 
Several components of the Notch signalling pathway are known to operate in the 
nucleus. To test whether these proteins are good candidates to be imported by 
importin-a, their peptide sequences were searched for classical NLSs of the 
monopartite or bipartite motif. The Notch intracellular domain (NICD), Hairless, 
Su(H), Cut, Prospero and Numb were each found to have putative NLSs, which could 
enable importin-cx binding. Two other components of the Notch signalling pathway, 
Deltex and ElaV, did not show motifs with the typical enrichment of lysines and 
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arginines. Deltex is a cytoplasmic protein, which binds to Hairless and prevents it 
from binding to DNA and therefore is a co-activator of Notch. EIaV is specifically 
expressed in nuclei of neurons and the absence of a classical NLS might indicate that 
it is imported to the nucleus using a mechanism independent of importin-a. 
Notch is a transmembrane protein, which undergoes three successive cleavages. After 
cleavage the NICD enters the nucleus, where it activates downstream factors that 
specify the cell fate. However, the endogeneous Notch protein is only detectable at 
the cell membrane and has never been visualised in the nucleus (Struhi and Adachi, 
1998). This negative result has been interpreted to mean that the NICD accumulates 
only to very low levels, below the immunodetection threshold (Schroeter et al., 1998; 
Schweisguth, 1999). A multiple socket phenotype occurs when too much NICD is 
present in the nucleus. The NICD may normally shuttle between nucleus and 
cytoplasm, but the regulation of this mechanism is not known. CAS, unlike many 
other importin 0 family members, has only been shown to have one cargo, namely 
importin a. Therefore, one intriguing possible explanation for the multiple socket 
phenotype was that Dcas is the export receptor for NICD. To test whether nuclear 
export of the NICD is perturbed in dcas mutants, an antibody (generous gift from 
Spyros Artavanis-Tsakonas), which recognises the Notch intracellular domain, was 
applied to pupal tissue. However, no differences in Notch expression between wild-
type and dcas" 281Df(2L)H20 mutant tissue was observed (Figure 8-3 A-F) and the 
NICD was not detected in the nucleus. 
Hairless antagonises the Notch signalling pathway by direct binding to Su(H) in the 
nucleus. A reduction in the level of Hairless in the nucleus could therefore also cause 
a multiple socket phenotype. The peptide sequence was found to have three sequence 
motifs that could be an NLS (Maier et al., 1997). Two antibodies were raised to test 
the protein distribution of Hairless (Maier et al., 1999). Hairless A was directed 
against the central domain of Hairless and Hairless B against the C-terminus. It was 
reported, that Hairless A detected a signal primarily in the cytoplasm, whereas 
Hairless B decorated both the cytoplasm and nucleus (Maier et al., 1999). The 
Hairless protein is ubiquitously expressed but with low abundance. To test for import 
defects, these two antibodies directed against the Hairless protein were obtained and 
no clear differences in protein expression in both wild-type and dcas mutant pupal 
tissue were observed. A major problem in interpreting these data was the 














Figure 8-3. Notch localisation is not altered in pupae mutant for dcas. 
A - 1 Microchactac are shown 17-I 9hrs APF, at the time when SOP cells divide into pita and pIth 
cells. A - C. The precise excision strain dcasP*+ 16fDf(21,)H20. D-F. The imprecise excision strain 
dcas t281l3f(2L)H20. A and D. Analysis of Cut expression to identify the SOP cells or newly 
divided pila and pub cells. B and E. Notch protein is detected only at the cell membrane, with no clear 
differences between the control and 	 C and E Merge of Cut (red) and Notch 
(green) expression. 
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were obtained using antibodies raised in rats (Maier et al., 1999). However, stocks of 
these antibodies were exhausted and a new antibody raised in rabbits did not 
reproduce the previous results. 
Other factors involved in mechano-sensory organ specification, Prospero (Pros) and 
Cut were used as markers to define the constellation of the final ESO cluster (see 
Chapter 7). No differences in localisation of these proteins were observed in pupal 
tissue mutant for dcas to that of wild-type. 
The asymmetrically distributed membrane protein Numb is localised relative to the 
spindle and is a repressor of Notch. Mutations in Numb show multiple socket 
phenotypes and the segregation of Numb was therefore investigated in dcas mutants 
In the dcasEMS39  and dcasE11125  strains the distribution of Numb was indistinguishable 
from wild-type (experiments performed by Daniela Berdnik and data not shown). 
Furthermore, the correlation between Numb localisation and spindle orientation, 
which is found in wild-type, was maintained in dcas mutants (D. Berdnik personal 
communication, and data not shown). Therefore, the cell fate transformation defects 
in dcas mutants are not caused by defects in Numb protein segregation or by an 
abnormal spindle orientation. 
Import of the Su(H) protein is impaired in dcas mutants 
Su(H) is the key transcription factor in the Notch signalling pathway. It is generally 
expressed at similar, low to moderate levels in all pupal cells at the time of 
microchaetae development (Gho et al., 1996; Schweisguth and Posakony, 1992). 
Increased Su(H) in the nucleus at this time could cause a multiple socket phenotype 
since Su(H) is activated in response to Notch signalling. 
No difference in nuclear/cytoplasmic distribution of Su(H) in the dividing 
microchaetae was observed due to the relatively poor signal to noise ratio prior to 
pIla cell differentiation (data not shown). Macrochaetae in the same pupal tissues 
have undergone all asymmetric divisions and are in their final constellation at this 
stage of development. Su(H) protein is greatly elevated specifically in the socket cells 
being mainly nuclear and only at later stages was some Su(H) protein also detectable 
in the cytoplasm. In all dcas mutants tested, the macrochaetae showed a reduction in 
the ratio of nuclear to cytoplasmic protein (Figure 8-4 A - Q. Su(H) protein was 
detectable in all socket cells of the transformed cluster and in most mutant animals 











Figure 8-4 	 Su(H) expression in dcas mutants 
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Figure 8-4. Su(H) is enriched in the cytoplasm in all dcas mutants tested. 
A. Macrochaetae and microchaetae in wild-type and dcasMS25  pupae 24-26hrs APE The upper panel 
shows the nuclear expression of Cut and the lower panel Su(H) expression, which is mainly nuclear in 
the one socket cell of wild-type (left panel) and much more cytoplasmic in the four sockets of 
dca/MS 25  (right panels). The two different shapes of the enlarged macrochaetae in dcasEMS25  represent 
the two mutant phenotypes of 'flower' shape (left) and 'sausage shape (right). B. Su(H) also is retained 
in the cytoplasm of macrochaetae in line dcasEMSi9  (left panel). The neuron is recognised by its 
expression of EIaV and the sheath cell by Prospero. A merge of the three images, visualises all four 
cells of the final cluster. C. Macrochaetae in the precise excision line dcasP*6/Df(2L)H20  show 
enrichment of Su(H) in the nucleus of the single socket cell (top left), while in macrochaetae of 
dcaI)*ft281Df(2L)H20. Su(H) is retained in the cytoplasm (bottom left). One nucleus showed a 
stronger nuclear expression and, by its location, it could be identified as the 'original' socket cell. Co-
localisation with anti-nucleoporin (mAb4l4; middle panel) visualises the nuclear envelope. 
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In some cases where a double socket phenotype was observed, one socket cell 
showed a more nuclear distribution of Su(H) than the other (Figure 8-4 Q. By their 
positions the cell with more nuclear Su(H) could be identified as the original socket 
cell, whereas the other cell is the transformed shaft cell. At this stage, Su(H) 
functions in the late differentiation of the socket cell and normal mechano-sensory 
organ reception rather than cell fate specification (Barolo et al., 2000). Nevertheless, 
this result demonstrates that mutations in dcas can specifically alter the distribution 
of Su(H) when several other proteins are unaffected in the same cells. 
Drosophila importin-cz3 export is impaired in dcas mutants 
Human CAS and yeast Cselp were shown to be the export receptor for importin-a. 
To test whether Dcas also functions in the export of importin-a, importin-a3 
antibody was obtained (Mathe et al., 2000). This antibody mainly decorates the 
nucleoplasm in embryonic interphase cells and during oogenesis, but shows increased 
staining at the NE in early embryos and in early egg chambers. However, the 
localisation of Dcas protein at other developmental stages had not been investigated. 
To determine the expression pattern of importin-a3 in wild-type pupal tissue, pupae 
were dissected 22 - 25h APF. ESOs were identified by their expression of Cut, which 
is expressed in all cells of the lineage. The distribution of importin-a3 was 
determined by comparison of anti-importin-a3 (Figure 8-5 A-D) to pre-immune 
serum from the same rabbit (Figure 8-5 E-H). Anti -importin-a3 gave punctuated, 
ring-like staining pattern (Figure 8-5 B), which is characteristic of NPC staining. To 
test whether importin-0 protein is indeed at the NE and not the cell membrane 
double staining with Phalloidin, which recognises actin (Figure 8-5 I-L), was 
performed. The Phalloidin staining clearly marks the boundary of the cytoplasm, 
which forms a much wider ring than that decorated by importin-a3 (Figure 8-5 J and 
K). Double staining was performed with importin-a3 and mAb414 (Davis and 
Blobel, 1987), a mouse monoclonal antibody that recognises the FXFG repeats of 
nucleoporins. Both sera showed very similar staining patterns (Figure 8-5 N and 0), 
and the merge demonstrates that importin-a3 co-localises with the NPCs in all cells 
of the notum of the pupa (Figure 8-5 P). Furthermore, importin-o:3 is slightly 
enriched in the nucleus at the time when asymmetric cell divisions take place in the 
bristle lineage (Figure 8-5 B and 8-6 B and E), but this has not been investigated in 
further detail. 
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To test whether the importin-a3 protein distribution was altered in dcas mutants, 
pupal tissue of dcas" 281Df(2L)H20 was dissected at a time when most microchaetae 
were dividing (Figure 8-6 A-F). The cells of the ESO lineage were recognised by 
their expression of Cut (Figure 8-6 A and D). Importin-a3 shows the typical ring-like 
NPC staining in the precise excision strain dcas" 16 '1Df(2L)H20 with slight nuclear 
enrichment in dividing cells of the ESO (Figure 8-6 B). In dcas mutant tissue 
importin-ct3 accumulates strongly in the nuclei of cells of the ESO as well as in the 
nuclei of surrounding epidermal cells (Figure 8-6 E). The accumulation of importin-
0 in the nuclei persists until later stages of ESO development, as shown for 
macrochaetae (Figure 8-6 G—N). In the control ESO, the socket cell can be identified 
by its nuclear Su(H) expression (Figure 8-6 0). lmportin-0 expression co-localises 
with the NPCs, visualised by the mAb414 antibody (Figure 8-6 H—J). In dcas mutant 
ESO, the two sockets express Su(H) in both the nucleus and cytoplasm (Figure 8-6 
K). Importin-a3 accumulates in the nucleoplasm, in addition to its co-localisation 
with the NPCs (Figure 8-6 L—N). Therefore, Dcas does play a role in the localisation 
of importin-a3 and is also required for the normal distribution of Su(H) between the 
nucleus and cytoplasm. 
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Figure 8-5. Importin a localises to the nuclear envelope. 
A.-H. Testing of the importin-0 antibody in tissue from wild-type pupae (22-25hrs APF. A single 
macrochaete with surrounding epidermal cells is shown. The external sensory organs are identified by 
Cut expression (A, E. and I). B. Importin-a3 antibody shows ring-like staining in all cells, with 
enrichment in some ESO cells. E Control pre-immune serum does not show a ring-like pattern. I-L. 
Co-staining of importin-0 (J) and the cell membrane marker, Phalloidin (K) in pupal tissue 21-23hrs 
APE, shows that they do not co-localise in the merged image (L). Co-staining of Su(H) (M) with an 
antibody against nucleoporins (mAb414 (0)) in pupal tissue 20-22hrs APE shows that importin-a3 (N) 
does co-localise with the nuclear envelope in the merged image (P). 
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Figure 8-6. Importin u protein accumulates in the nuclei of pupae mutant for dcas. 
A and D. Cut expression marks the microchaetae clusters of three to four cells, at the time of pub 
division. B. lmportin-cx3 shows normal accumulation at the nuclear envelope in the precise excision 
line. E. Importin-0 mis-localises to the nucleoplasm in the imprecise excision line. C and F. Merged 
image of Cut (green) and importin-a3 (red). G and K. Socket cells of macrochaetae express Su(H), 
which is more cytoplasmic in the imprecise excision line (K) than the control (C). H and L. Importin-
a3 protein expression shows NE enrichment in the control (H) and nuclear enrichment in the imprecise 
excision (L). I and M. NE localisation was confirmed by co-staining of nucleoporins. J and N. Merged 
image of importin-cx3 (blue) and nucleoporin (red). Importin-a3 shows strong nuclear accumulation in 
the socket cells of macrochaetae and also in the surrounding epidermal cells. 
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Conclusions and Discussion 
Dcas protein did not show the tissue-specific distribution that was seen for the 
mRNA. The protein was present in all tissues throughout development, only varying 
in abundance at some developmental stages. The maternal supply of Dcas protein is 
very high and decreases only slowly during embryogenesis. This high maternal 
supply of Dcas protein is apparently sufficient for mutant flies to undergo normal 
embryogenesis (see Chapter 5). Dcas is also not specifically expressed in the ESO, 
suggesting that it functions in all cell-types at all times as it would be expected for a 
general "housekeeping" nucleocytoplasmic transport factor like Dcas. During 
oogenesis and embryogenesis Dcas shows a variable distribution between nucleus 
and cytoplasm. 
In late pupae Dcas and importin-0 was highly enriched at the NPCs. Other transport 
factors show similar variable expression patterns, which could be due to differences 
in nucleocytoplasmic transport at different developmental stages. Generally most 
importin 3 and a family members are found at the NPC, like Dcas in pupal tissue. 
This might be an important indication that transport factors stay in the vicinity of the 
NPC to "wait" for their cargo. However, care is needed in the interpretation of these 
results since the observed localisation of transport factors is susceptible to the method 
of fixation used (Solsbacher et al., 1998). Analyses of GFP-tagged nucleocytoplasmic 
transport factors in living yeast have generally reported localisation to the NE, and 
this has also been seen in immunofluorescence using tissues fixed with methanol. 
However, fixation with formaldehyde usually leads to detection of the proteins in the 
nucleus or cytoplasm. The pupal tissue fixations described in this thesis were done in 
5% paraformaldehyde. It is possible that this fixation better retains the in vivo 
expression pattern than formaldehyde fixation. 
To test whether Dcas functions in importin-ct export like its human and yeast 
homologues, the expression pattern of Importin-a3 was investigated in pupal tissue 
mutant for dcas. Strikingly, clear accumulation was seen in cell nuclei, both with the 
ESO and in the surrounding epidermal cells. This suggests that Dcas is the export 
receptor for importin-0, and this is probably the case for the other importin a family 
members in Drosophila. 
The specific transformation of cell fate determination described for dcas mutants in 
Chapters 6 and 7 is commonly seen for components of the Notch signalling pathway. 
Multiple socket phenotypes occur when the Notch signalling pathway is hyperactive. 
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This could result from increased NICD or Su(H) in the nucleus during division of the 
ESO, or a reduction in the nuclear pool of Hairless. The simplest potential 
explanation for the observed phenotype was that export of importin-cx is inefficient in 
dcas mutants, leading to depletion of the cytoplasmic pool and reduced import of 
some or all NLS containing proteins. The Notch antagonist Hairless has three NLSs, 
consistent with import by importin-ct. Hairless functions in the initial specification of 
the SOP and at each subsequent cell division in the ESO. Both the absence of some 
ESOs and the multiple socket phenotypes seen in the dcas mutants (Chapter 7) could 
therefore have been due to a reduced level of Hairless protein in the nucleus. 
However, a comparison of control and dcas mutant pupal tissues revealed no 
differences in the distribution of Hairless in dividing or mature ESOs. It should be 
noted, however, that the very high background associated with this antibody might 
have obscured the result. An alternative possible explanation for the phenotype was 
that Dcas functions as an exportin for either NICD or Su(H), in addition to importin-
0. This was tested by investigating the expression pattern of these proteins in a dcas 
mutant, but no nuclear accumulation was detected. 
A major complication in the analysis of these data is that the developmental decisions 
in cell fate determination may largely depend on the precise timing of signalling, of 
which little is known. It may be that mis-localisation occurs at a key time in 
development, which might be difficult to assess in fixed tissues. A second 
complication relates to the flux of transport, which might be important for cell fate 
determination but is not readily analysed by immunolocalisation. In case of severe 
disturbances, like the mutation of the responsible transport factor, differences might 
be dramatic and easily noticed. However, it is also conceivable that the differences 
are not detectable by immunolocalisation at steady-state, even though the balance of 
the pathway is disturbed leading to mis-specification of the cell lineage. Moreover, 
the normal nuclear/cytoplasmic distribution of the components of the Notch 
signalling pathway at the time of divisions at which the cell fate is determined has not 
been studied extensively. 
Numb represses the Notch signalling pathway by direct binding to Notch at the cell 
membrane. In contrast to other components of the pathway, Numb localisation during 
cell division has been extensively studied, since it is asymmetrically divided into one 
daughter cell (see Figure 1-2). If the segregation of Numb protein were disturbed 
such that insufficient Numb was received by the daughter cells, this would cause a 
120 
multiple socket phenotype. However, Numb was found to segregate normally 
(experiments performed by D. Berdnik), and is therefore unlikely to be responsible 
for the abnormal cell fates in ESOs mutant for dcas. 
The Su(H) protein was accumulated in the cytoplasm of socket cells of the later 
ESOs in dcas mutants. At this stage all cell types of the final ESO are determined and 
Su(H) was previously shown to play a notch-independent role, which is required for 
further differentiation of the socket cell and correct mechano-reception of the ESO 
(Barolo et al., 2000). To determine how this mis-localisation of Su(H) affects the 
mechano-reception of flies mutant for dcas was beyond the scope of this thesis. 
However, this result demonstrates that a protein containing a classical NLS was 
reduced in the nucleus, presumably as a consequence of reduced import due to the 
depletion of cytoplasmic importin-a. Moreover, the nuclear levels of other NLS-
containing proteins, Hairless and Prospero, were unaffected in the same cells, 
showing that the dcas mutants can indeed result in specific defects in transport, at 
least in the ESO. 
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Introduction 
This thesis reports the identification of several novel nucleocytoplasmic transport 
factors and presents the first in vivo characterisation of the exportin CAS in 
Drosophila. Most current understanding of the mechanism of nucleocytoplasmic 
transport has been gained in yeast or using biochemical assays in permeabilised 
single cells. Therefore, the potentially specific activities of transport factors during 
development had not been addressed. 
Database searches identified twelve members of the importin 13  family in Drosophila. 
Phylogenetic analyses showed that seven of these were clearly related to previously 
described human and yeast proteins. In addition, four members of the importin 
a family were found, including representatives of each of the three subgroups, 
importin ul, a2 and 0. mRNA expression patterns were examined for several of the 
newly identified nucleocytoplasmic transport factors. Most were ubiquitously 
distributed but the mRNA of one putative transport factor, Dcas, was highly enriched 
in the nervous system of wild-type embryos. This tissue-specificity in the expression 
of a generally required nucleocytoplasmic transport factor was unexpected and 
interesting, and Dcas was selected for further analysis. 
A larval lethal P-element insertion in dcas was identified and shown to abolish dcas 
mRNA expression and to confer cell-lethality. Precise excision of the P-element 
restored viability. A complication arose when the entire dcas gene was found to be 
embedded in a large intron of the gene midway. However, all phenotypes were 
rescued by a construct expressing only dcas, which is therefore an essential gene like 
its human, mouse and yeast homologues. The dcas null mutants are viable until first 
instar larvae, indicating that the maternally supplied mRNA and protein is sufficient 
for normal embryonic development. This conclusion was supported by the large 
maternal supply of mRNA and by the protein expression pattern, which was high and 
ubiquitous throughout embryogenesis. 
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For the phenotypic analysis of dcas, use was made of existing P-element insertions, 
deficiencies, EMS mutants and new dcas alleles created by imprecise P-element 
excision. Importin-a3 was shown to accumulate in the nuclei of pupae mutant for 
dcas, demonstrating that Dcas is indeed responsible for its export. Dcas is therefore 
the Drosophila orthologue of hCAS and yeast Cselp, which were each shown to 
function as export receptors for importin a (Hood and Silver, 1998; KUnzler and 
Hurt, 1998; Kutay et al., 1997; Solsbacher et al., 1998). In addition, both dcas 
mutants with residual fragments of the P-element and dcas mutants created by point-
mutations (D. Berdnik, T. TOrök and J. Knoblich) showed specific phenotypes in the 
PNS. These were defects in the formation of the bristles of the external sensory 
organs (ESO) in the adult fly. In most cases the shafts of the organs were missing due 
to the specific transformation of the shaft into a socket cell. The sheath and neuronal 
cells were also frequently converted to socket cells. 
Nuclear transport receptors have been considered to be generic "house keeping" 
machinery and are therefore presumed to be essential for the viability of all cell 
types. This study supports the essentiality of Dcas, which is likely to mediate the 
nuclear export of importin-a in all tissues and is required for the viability of both 
larvae and flies, and probably for general cell survival. However, despite the 
ubiquitous function of Dcas, we find that mutations in the gene can cause tissue-
specific defects in cell fate determination during development of the ESOs. 
What role does Dcas play in the cell fate determination of the 
external sensory organ? 
Specific defects in cell fate determination of the ESOs are commonly found when the 
Notch signalling pathway is modified (see below). For example, hyper-activity of the 
Notch signalling pathway leads to the transformation of other ESOs cell into socket 
cells, as occurs in dcas mutants. The Notch signalling pathway can be hyper-active 
either when the nucleus contains too much of the activators, such as the active Notch 
fragment, NICD, and the transcription activator Su(H), or when the levels of Notch 
antagonists, such as Hairless, are reduced. As judged by their peptide sequences, each 
of these proteins has at least one sequence motif resembling a classical NLS, 
suggesting that their nuclear import might be mediated by importin-(X. The simplest 
explanation for the observed defects of cell fate specification in dcas mutants was 
therefore that reduced export of importin-ct leads to its depletion from the cytoplasm, 
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restricting the nuclear import of NLS-containing proteins of the Notch signalling 
pathway. 
To test whether there are any obvious defects in the nucleocytoplasmic transport of 
any of these components, their localisation was determined in situ by indirect 
immunofluorescence in pupal tissue from wild-type and dcas mutant strains. No clear 
differences were seen in the distribution of Notch or Hairless, however, Su(H) 
showed cytoplasmic accumulation at late stages of bristle development. 
Prior to this result, mislocalisation of Hairless appeared to be the most likely 
explanation for the bristle phenotype (Figure 9-1). Hairless inhibits the 
transactivation of Notch target genes by direct binding to Su(H), the main 
transcription activator of the pathway. This binding takes place in the nucleus and 
Hairless has three classical NLS motifs (Maier et al., 1997). Moreover, different dcas 
alleles formed phenotypic series during external sensory development, and similar 
allelic series have been described for Hairless alleles (Bang et al., 1991). Strong 
Hairless alleles often lack the entire ESO, a phenotype also frequently observed in 
dcas mutants (Chapter 7). Weaker phenotypes range from a quadruple socket 
phenotype to a double socket phenotype with normal inner cells, comparable to dcas 
alleles. However, certain Hairless alleles additionally show a transformation from 
neuron to sheath cell, a phenotype that was never observed in dcas alleles. This could 
be specific for the alleles investigated, or indicate that Dcas might indeed not play a 
role in cell fate specification in the pub lineage (see Figure 1-2 B for overview of 
divisions of the ESO lineage). Furthermore, individual macrochaetae also respond 
individually to Hairless alleles (Bang et al., 1991; Nash, 1965), as do macrochaetae 
in dcas alleles (Chapter 7). However, this is presumably the case for all other 
components, which affect the cell fate determination of the lineage. Other data 
support the hypothesis that impaired import of Hairless underlies the bristle 
phenotype in dcas mutants. Hairless localisation is independent of Su(H), but nuclear 
accumulation of Su(H) is dependent on the presence of Hairless (Bang et al., 1995; 
Nagel et al., 2000). Thus, the accumulation of Su(H) seen in the cytoplasm, could 
result from impaired import of Hairless. Furthermore, several Hairless alleles were 
identified in the EMS screen, which also identified the two dcas EMS alleles (D. 
Berdnik, T. Török and J. Knoblich, unpublished). Furthermore, other phenotypes 
observed in dcas alleles are also observed in Hairless alleles, for example the 
shortening of wing veins, particularly the fourth and fifth longitudinal veins and 
124 
Figure 9-1 	Possible roles for Dcas in Notch signalling 
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Figure 9-1. Mutations in dcas may impair nucleocytoplasmic transport of several 
components of the Notch pathway. 
A. In the nucleus the Notch intracellular domain (NICI)) binds to the transcription factor Su(H) to 
enable transcription activation. B. Hairless represses Su(H) by direct binding. C. As demonstrated in 
this thesis, Dcas is the exportin for importin-a3 and presumably the other three imporl.in-cz members in 
Drosophila. It is not known whether Dcas is able to mediate transport of other cargo. Phenotypes 
observed in flies mutant for dcas are similar to hyper-activity of Notch or Su(H). Therefore. Dcas 
might be the exportin for the NICD or Su(H). D. The importin-a family are the import adaptors for 
NLS containing proteins. Hairless. Su(H) and the N1CD contain sequences that resemble an NLS and 
may therefore be imported by an importin-a. Nucleocytoplasmic transport is essential for correct 
signalling by the Notch pathway and might play a crucial role in its regulation. 
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female sterility (Maier et al., 1992). Like Dcas, Hairless is also not required in 
embryogenesis, but only in pupae (Schweisguth and Lecourtois, 1998). No alteration 
in the distribution of the Hairless protein was detected in the dividing microchaetae in 
dcas mutant flies. However, it remains possible that subtle alterations in Hairless 
transport do underlie the developmental defect. 
No other component of the Notch signalling pathway seemed to be as likely as 
Hairless. Hyper-activity of the Notch signalling pathway would not be predicted to 
result from reduced nuclear import of the NICD, although reduced export might lead 
to a multiple socket phenotype. No export cargo for CAS/Cselp, other than importin 
cx, has been reported, but most other importin 0 family members transport multiple 
cargoes, so this must also be a possibility in the case of the CAS family. In principle, 
importin a could even be the export adaptor for such proteins. However, NLS-bound 
Srplp does not bind to Cselp (Soisbacher et al., 1998), so any export cargo that it 
might carry would presumably require a different transport signal. In wild-type cells 
the activity of the NICD has been detected in the nucleus, but in situ staining detect 
the NICD only at the cell membrane (Struhl and Adachi, 1998). This was also the 
case for the dcas mutant strains tested, but it is unclear what degree of nuclear 
accumulation the NICD would require to allow its detection. It is possible that 
appreciable nuclear amounts of the NICD in the dcas strains might have gone 
undetected. 
The limitation of Prospero in the nucleus of dividing cells is unlikely to be the 
explanation for the observed phenotypes, as no mis-localisation of Prospero protein 
was observed. Furthermore, Prospero functions only in the specification of the pub 
cell and its lineage. Mutation of prospero causes the production of two pila cells, 
which give rise to two sockets and two shafts, while over-expression of Prospero 
causes two pub cells (Manning and Doe, 1999; Reddy and Rodrigues, 1999b). Dcas 
on the other hand, clearly plays a role in the division of the plIa cell as most 
commonly two socket cells with normal inner cells are seen. At present it is not clear 
whether Dcas also plays a role in the division of the pIlIb cell, like Prospero. Over 
expression of Dcas might provide an answer to this, as one would expect four 
neurons if Dcas indeed plays a role in the pilib division. However, if Dcas is only 
required to maintain the delicate nuclear/cytoplasmic balance in the pila lineage, this 
would result in two sheath and two neuron cells. Additionally, too much Dcas is 
predicted to lead to a multiplication of ESOs since it appears to play a role in the 
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determination of the SOP cell. However, it is also possible, that Dcas over expression 
causes other developmental defects, but not in the ESO as indicated by the over 
expression of Dcas with the Ga14 promoter (Chapter 6). 
The distribution of one component of the Notch signalling pathway, Su(H), was 
clearly altered in dcas mutants. However, the cytoplasmic accumulation of Su(H) 
occurs at a later stage, when the ESO has undergone all divisions and Su(H) was 
shown to play Notch-independent roles in the mechano-reception of the ESO (Barolo 
et al., 2000). At earlier times, when cell division and specification of the 
microchaetae takes place, Su(H) is low in abundance and no mis-localisation was 
detected. Like Dcas, Su(H) has been shown to function in cell fate specification of 
the pila lineage. However, unlike Dcas, Su(H) is not involved in the determination of 
the SOP cell. Moreover, Su(H) is an effector of the Notch signalling cascade in the 
nucleus. A multiple socket phenotype would therefore have been a predicted 
consequence of increased nuclear Su(H), rather than the reduced levels observed at 
later stages. Therefore, it is unlikely that Su(H) is the only protein with an aberrant 
expression pattern in dcas mutants, but nevertheless these observations do show that 
Dcas is required indirectly for at least one component of the Notch signalling 
pathway. Further studies are required to determine whether CAS has other cargoes 
than the importin a family and whether it is able to perform bi-directional transport, 
like for example importin 13 (Mingot et al., 2001). 
While alterations in the Notch signalling pathway appeared to be the most likely 
explanation for the defects in ESO development, other explanations could also be 
envisaged. Several different importin a family members exist in mammals (Köhler et 
al., 1999) and four members have been identified in Drosophila (KUssel and Frasch, 
1995a; Mathe et al., 2000; Török et al., 1995), (Mason and Goldfarb, unpublished) 
and one newly identified in this thesis). In mouse embryos different members of the 
importin a family show different patterns of tissue specific expression (Kohler et al., 
1997). In vitro studies show that probably all importin a family members are able to 
bind all NLS containing proteins, but when in competition with each other individual 
importin-cx members show preferences for different cargoes. Therefore, it is 
conceivable that an individual importin-a member might specifically function in the 
ESO lineage and be particularly sensitive to perturbations in Dcas function. Data 
from studies in Caenorhabditis elegans suggest that Importin-0 is the general 
importin a house-keeping member, whereas the other importin-a family members 
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perform more specialised tasks (Geles and Adam, 2001). This phenomenon seems to 
be quite common in the different transport factor families, as TAP (NXF1) seems to 
be the general house-keeping member in the NXF family and also in the importin 13 
family there are members, like importin 13 and Crm 1, that have much more general 
tasks by being the transport receptor for a wide range of different proteins. 
Alternatively, the importin-a family could use additional exportins, with Dcas being 
particularly active during ESO development. However, CAS has been shown to be 
the only member of the importin 13 family that is required for the export of importin a 
(Kutay et al., 1997). It is also unlikely that additional CAS homologues are present, 
since only one homologue was identified in the Drosophila genome and in the 
genomes of all other organisms in which CAS was identified (Figure 4-2). dcas is 
51% identical to human CAS with all characterised functional domains conserved, 
and other homologues should have been identified. If importin a family members use 
other export factors, they would presumably not be homologous to CAS. 
In principle, tissue specific roles of Dcas could also be due to the existence of spliced 
isoforms that show tissue-specific expression. Mutations in dcas could then 
differentially affect individual isoforms, leading to the specific phenotypes observed. 
Alternatively spliced forms of hCAS have been reported (Brinkmann et al., 1999), 
but no isoforms of Dcas could be identified and the Dcas protein was shown to be 
ubiquitously expressed during oogenesis and embryogenesis. 
In addition to its apparently specific role in ESO development, dcas mRNA showed a 
surprisingly localised expression pattern in the CNS of the wild-type embryo. This 
could reflect a particular high requirement for importin a export in the CNS in late 
embryonic stages. Most cell divisions take place in the CNS at this stage of 
development and therefore it could simply be that there is a particular high 
requirement of Dcas in the CNS as importin a dependent import is very active. This 
is in agreement with the very high abundance of hCAS protein in nerve cells and 
proliferating tissues (Brinkmann et al., 1999: Wellmann et al., 1997). 
Could Dcas function in spindle assembly and mitosis? 
Nucleocytoplasmic transport factors also play an essential role during mitosis, which 
is based on the same RanGTP/GDP cycle as nucleocytoplasmic transport (for review 
see (Dasso, 2001)). Ran, Importin a and Importin 13 were each shown to function in 
mitotic spindle assembly (Carazo-Salas et al., 2001; Gruss et al., 2001; Wiese etal., 
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2001; Wilde et al., 2001). There is also data that support the idea that CAS functions 
during mitosis. Yeast Cselp was originally identified via a mutant defective in 
chromosome segregation (Xiao et al., 1993). In apparent agreement, another mutation 
in Cselp was reported to inhibit degradation of B-type cyclins (Irniger et al., 1995). 
Unfortunately, this mutation was subsequently shown to be located in a gene 
neighboring CSEJ (Irniger et al., 1998). However, despite the published erratum, 
references to the original incorrect report continue to appear in the literature. Human 
CAS was shown to be associated with MTs and the mitotic spindle (Scherf et al., 
1996). It is, therefore, tempting to speculate that Dcas has a regulatory role during 
mitosis, perhaps together with importin a. For example, the Notch antagonist Numb 
has a classical NLS, which could allow it to bind a CAS/importin-a complex in 
proximity to the spindles during mitosis. The orientation of the spindle during SOP 
division is essential for subsequent cell fate specification (Bellaiche et al., 2001), as 
is the co-alignment of asymmetrically segregated determinants, including Numb. In 
dcas mutants, reduced association of importin-a with Dcas might interfere with the 
segregation of Numb into the daughter cells. However, the localisation and 
distribution of Numb was not affected in dcas alleles (tested by D. Berdnik, IMP, 
Vienna) and this is therefore unlikely to be responsible for the defects in ESO cell 
fate. Dcas antibodies also did not detect any clear association with MTs or the 
spindle. However, the dcas allele dcasE11125  did produce two different patterns in 
ESOs with quadruple sockets, the flower-shape and the sausage-shape (see Chapter 
7). It is possible that the different arrangements of socket cells are due to defects in 
spindle orientation. 
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Future perspectives 
It remains unclear why exportins bind their cargo only in the presence of RanGTP, 
while other members of the importin 0 family function as importins and dissociate 
from their cargo in the presence of RanGTP. The crystal structure of an exportin 
bound to its cargo would give valuable information about these differences. 
However, it has proved technically difficult to crystallise exportins and several well 
established laboratories have so far failed to obtain the structure (Elisa Izzauralde and 
Murray Stewart, personal communications). Furthermore, the crystal structure of 
CAS in particular would give valuable information about functional domains. For 
example, the location of the importin a binding site, whether the repetitive domain 
present in CAS has a fold comparable to HEAT repeats and how it binds 
nucleoporins. 
Dcas presents an exciting link between the fast progressing nuclear transport field 
and the more developmental aspects of the PNS in Drosophila. It is still unclear 
whether Dcas plays a key regulatory role in the cell fate determination in the ESO 
lineage. However, it is likely that Dcas functions in other pathways, in view of the 
phenotypes in oogenesis, eye and wing development observed in dcas mutants. Many 
cellular processes have been shown to involve regulated localisation of proteins, 
particularly transcription factors (reviewed in (Kaffman and O'Shea, 1999). 
Cytoplasmic localisation can be regulated through the phosphorylation of cargoes, 
the masking of import signals or cytoplasmic tethering, and it is possible that Dcas 
also performs such a regulatory role. It may be that human diseases are caused by 
specific defects in nucleocytoplasmic localisation, comparable to those seen in dcas 
mutants in Drosophila. Conceivably, a better understanding of the process of 
nucleocytoplasmic localisation will aid the development of therapeutical tools. 
Several of the dcas mutant lines showed female sterility, indicating defects in 
oogenesis. The basis of these defects was not investigated in any detail, but could 
reflect a role for Dcas in the large amount of protein trafficking required for the 
deposition of the contents of the oocyte, which are largely synthesised in the nurse 
cells and transported to the oocyte. An abstract presented at a recent conference 
reported that mutations in importin-a2 block transport through the ring canals that 
link the nurse cells and oocytes. The potential role of Dcas in this transport would be 
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A. Antigens used 
The dilutions listed are for iminuno-staining unless otherwise stated 
Antibody dilution 	Supplier 
Su(H) (rat) 1:2000 F. Schweisguth 
Hairless A (rabbit) 1:500 Anette Preiss 
Hairless B (rabbit) 1:100 Anette Preiss 
Notch C  79C6 (mouse) against the intracellular domain of Notch 1:1000 from 	Artavani-Tsakonas 
Prospero (rabbit) 1:1000 preabsorbed Y.N. Jan 
Cut (mouse) 1:500 Hybridoma bank in Idaho 
Asense (guinea pig) 1:5000 Y.N. Jan, A. Jarman 
ElaV (mouse) 1:30 Hybridoma bank in Idaho 
hCAS 1:1000 (Western blot) D. Gorlich 
Dcas 1:200 L. Cooley 
Dcas 1:2000 (Western blot) L. Cooley 
Importin-a3 1:1000 S. Cotterill 
MAb414 1:2000 Berkeley Antibody Company 
(BAbCo) 
Secondary antibodies 
Alexa 568 	guinea pig 
Alexa 568 	mouse 
Alexa 568 	rabbit 
Alexa 488 	rat 
Alexa 488 	rabbit 
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B. Drosophila stocks 
Table Appendix B. Drosophila stocks 
Obtained 





Df(2L)H20 Df(2L) H20 	b[1]  pr[ 1] cn[1] sca[1]/CyO Bloomington 
Df(2L)cact-255rv64 Df(2L) cact-255rv64 /CyO;ry[5061 Bloomington 
Df(2L)r 10 




Df(1)w67c23, y[ I]; 36B 1-B2 
Bloomington 
P[w[+mC]=lacW] 1  (2)k03902 [k03902]fCyO (Istvan Kiss) 
P536,PFRT yw; P536w+,P[ry+,FRTneo]/CyO this thesis 
1(2)k081 11 
Df(1)w67c23, y[l]; 36Bl-B2 and Todd Laverty 
P[w[+mC]=lacW] 1 (2)k08  111 [k081 I I ]/CyO 22A7-A8 
1(2)k 10423 
Df(1)w67c23, y[l]; 36B1-B2 
Bloomington 
P[w[+mC]=lacW]l(2)k 10423 [k 10423]/CyO (Lstvan Kiss) 
Df(l)w67c23, y[l]; Bloomington 
1(2)k088 19 
P[w[+mC]=lacW]1(2)k08819[k08819]/CyO (Istvan Kiss) 
P[w+mC ori kanR TrIBRcRA Bloomington 
EP(2)2592 UAS14x.cRb(>)=EP] (Pernille RØrth) 
EMS mutations 




Z132 ZfasIIlJCyO G. Tear 
Z507 Z fasIllJCyO G. Tear 
fizzy46A 46A/CyOGal4... Y.N. Jan 
1(2)36Ab b l(2)HT6[F4] pr cn wx[wxt]bw/CyO 
MPI Tubingen;
(Ruth Steward) 
1(2)36Ac b l(2)HT9[M5] pr cn wx[wxt]bw/CyO 
MPI Tubingen; 
 (Ruth Steward) 
others 
Sb,2-3 Sp/CyO;Sb42-3flTM6,Ubx W.R. Engels 
w 8 Mutation of the white gene Bloomington 
F2Z;FRT40A/CyO y+ B. Dickson 
yw, ey-Flp glass lacZ;FRT4OAw+cl/y+CyO B. Dickson 
J. A. Campos- 
Scabrous w; P(w+,sca-GAL4)/CyO Ortega 
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C. Primers used for Sequencing and PCR 
Primers used to amplify and sequence dcas 
(all primers are listed 5' - 3') 









HT 10 gcagatctgagcaa 
HT1 1 cgattgtctctctca 
HT 12 ggaaatgcgcgagg 
HT13 ccgtgggtgtcactaa 
HT14 gctcgccagtttcta 	(did not work) 
HT15 caggaattcatggaagtgacagaggcaaat EcoRl (underlined) START (bold) H. CAS for 
pGEX 
HT 16 caggaattcaatgtcatcaacggcgttttg EcoRl CAS without Ran for pGEX 
HT17 ccaatgcatttaggcaatgcgtaCtCCagCCtg NsiI (underlined) STOP codon (bold) CAS for 
pGEX 
HT 18 ataagaatgcggccgcttaggcaatgCgtaCtCCagCCtg Not! (underlined), STOP (bold) For the 
3' PCR for an UAS construct of full length or truncated CAS 
HT 19 caggaattccaccatggaagtgacagaggcaaat Start codon, EcoRI (underlined), Kozak (bold) 
For a H. UAS construct 
HT20 caggaattccaccatgttcaatgtcatcaaCggCgttttg Start codon, EcoRl (underlined), Kozak 
(bold) For a UAS construct without Ran binding domain 





HT26 gcgcacgcgagaagttcgcgg 	Sequencing dcas genomic 5' UTR 
HT27 ggaactatcgaacaaagagctt 	Sequencing dcas genomic 5' UTR 
HT28 gggtttgaattaactcataat Sequencing Casper 5' of polylinker 
HT29 gttcaatgatatccagtgcagt 	Sequencing Casper 3' from EcoR! site 
HT30 ggtgagtggagcattagcgtaac 	Sequencing dcas towards start codon 
HT3 1 gcgatgaatgagcttaaagtcggt 	Sequencing dcas 3' UTR towards Stop codon 
Primers HT1 to HT14 were used with the conventional method (= 17 Sequencing kit from Pharmacia, 
see Materials and Methods), whereas primers HT15 - HT31 were used for Big Dye sequencing 
performed by the ICMB sequencing service (see Materials and Methods). 
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Primers HT1-HT23 were ordered from Cruachem; resuspended in 500p.l H 20, diluted 1:100 and 1 l.tl 
used for sequencing, corresponding to approximately 2 ng. 
Primers HT 15 to HT20 were originally designed for the synthesis of GST fusion proteins and proteins 
under the UAS promoter, but these are not described in the thesis. However, some of these primers 
were used for PCR reactions or sequencing. 
Primers HT24-HT3 1 were ordered from Bioline; an appropriate amount of H 20 (between 500tl and 
1000.tl) was added to obtain a 50imolar solution (50pmolJ.tl). 
Primers T3 and T7 were obtained from Pharmacia 
T3 	 AATTAACCCTCACTAAAGGG 
T7 GTAATACGACTCACTATAGGGC 
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Dcas Is Required for importin-a3 Nuclear Export 
and Mechano-Sensory Organ Cell Fate Specification 
in Drosophila 
Hildegard Tekotte, Daniela Berdnik,t Tibor Török,t 
Michael Buszczak,:. Lynn M. Jones,f Lynn Cooley,; 
Jurgen A. Knoblich; and Ilan D avis 
*Wellcome Trust Centre for Cell Biology, ICMB, Kings Buildings, University of Edinburgh, 
Edinburgh EH9 3JR, Scotland, UK; tResearch Institute of Molecular Pathology (IMP.), 
1030 Vienna, Austria ; and Departments of Genetics and Cell Biology, Yale University 
School of Medicine, New Haven, Connecticut 06520 
We have studied the in vivo function and tissue specificity of Dcas, the Drosophila ortholog of CAS, the importin j3—like 
export receptor for importin a. While dcas mRNA is specifically expressed in the embryonic central nervous system, Dcas 
protein is maternally supplied to all embryonic cells and its nuclear/cytoplasmic distribution varies in different tissues and 
times in development. Unexpectedly, hypomorphic alleles of dcas show specific transformations in mechano-sensory organ 
cell identity, characteristic of mutations that increase Notch signaling. Dcas is essential for efficient importin-a3 nuclear 
export in mechano-sensory cells and the surrounding epidermal cells and is indirectly required for the import of one 
:omponent of the Notch pathway, but not others tested. We interpret the specificity of the dcas phenotype as indicating that 
me or more Notch signaling components are particularly sensitive to a disruption in nuclear protein import. We propose 
that mutations in house keeping genes often cause specific developmental phenotypes, such as those observed in many 
iuman genetic disorders. 0 2002 Elsevier Science (USA) 
Key Words: Drosophila ;  dcas; CAS ; Cselp ; importin alpha nuclear export ; nucleocytoplasmic transport ; mechano. 
ensory bristle development ; peripheral nervous system. 
INTRODUCTION 
Nucicocytoplasmic transport is essential in all eukary-
)tiC cells. Considerable progress in understanding the 
nechanism of nuclear import and export has been made, 
argely through in vivo analyses in yeast and in vitro assays 
n permeahilized cells, reviewed in (Conti and Izaurralde, 
001 ; Görlich and Kutay, 1999 ; Mattaj and Englmcier, 1998 ; 
'lakielny and Dreyfuss, 1999). The transport of different 
trotein cargo is mediated by members of the importin 13 
impf3)/karyopherin 13 family of transport receptors, which 
unction as importins and exportins. This family of proteins 
hare a highly homologous Ran binding domain, first iden-
ified in impi3, which mediates nuclear localization signal 
rils)-dependent import (Fig. 1A). Other members of the 
To whom correspondence should be addressed. Fax: 44-131 
50-7031. E-mail: jlan.davis@ed.ac.uk.  
family include, CRMI, the export receptor for nuclear 
export signal (NES) containing proteins (Fornerod et al., 
1997 ; Fukuda et a]., 1997; Stade ci' al.. 1997) and transpor-
tin, the import receptor for proteins containing the M9 
shuttling signal (Fridell et a]., 1997 ; Pollard ci' al., 1996). 
Cargo proteins that carry NES or M9 domains bind directly 
to impf3 family members, whereas proteins with a "classi-
cal" nuclear localization signal (NLS) hind indirectly to 
impo via an association with an adaptor protein, importin a 
(impcs)/karyopherjn a (Gorlich ci a]., 1995) (Fig. IA). The 
impa family is highly conserved with one member in S. 
cerevisiae, Srplp (Nachury ci' a]., 1998), and at least six in 
humans (Köhler et a]., 1999), which show some tissue 
specificity (KOhler et a]., 19971. The impa adaptors them-
selves require CAS )cellular apoptosis susceptibility factor, 
(Brinkmann et al., 1995), subsequently referred to as human 
CAS), an impj3-like exportin, for their re-export to the 
cytoplasm following protein import (Fig. 1A) (Kutay et al., 
0012.1606/02 $35.00 
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1997) The directionality of transport of cargo and recycling 
of transport receptors and adaptors is ensured in most cases 
through the action of the small GTPase Ran. RanGTP 
concentrations are high in the nucleoplasm, where it pro-
motes the dissociation of importins from their cargo 
by binding to the Ran binding domain of the receptor 
(Izaurralde et a)., 1997). Exportins on the other hand only 
export their cargo when hound to RanGTP in the nucleus. 
Ran GDP is found at high levels in the cytoplasm, where it 
promotes the dissociation of exportins from their cargo 
after export is achieved (Bischoff and Görlich, 1997). 
While it is clear that most aspects of nucleocytoplasmic 
transport are essential for cell viability in multicellular 
organisms, the extent to which particular receptors display 
tissue specificity or have regulatory roles is poorly under -
stood. It is also not clear to what extent different tissues and 
developmental processes display varying requirements for 
transport components. Here, we have addressed these is-
sues by studying the expression patterns of a number of 
transport receptors and one importin-a during Drosophila 
melanogaster embryonic development. We found that 
while Drosophila CRMI /ernbargo (emb) (Collier at al.. 
2000), Transportin (Tr) (Norvell et a]., 19991 arid 
importin-0 (imp-0) (Mathe at a]., 2000) mRNA are largely 
ubiquitously expressed, Drosophila dcas mRNA shows 
distinct tissue specificity. dcas mRNA is maternally sup-
plied and disappears at the midhiastoderm stage. Later dca 
is zygotically expressed in the embryonic central nervous 
system (CNS). Strong dcas mutations abolish the embry-
onic nervous system specific dcas mRNA expression, but 
develop normally and later die as 1st instar larvae. These 
observations are consistent with the fact that maternally 
supplied Dcas protein persists throughout embryogenesis. 
Surprisingly, hypomorphic dcas mutations lead to very 
specific cell fate transformations in the peripheral nervous 
system (PNS). The wild-type mechano-sensory organs of 
the PNS consist of two outer cells, the shaft (bristle) and 
socket, and three inner cells: the neuron, sheath and a less 
prominent glial cell, that migrates away from the other 
cells (Gho at al., 1999; Reddy and Rodrigues, 1999). The 
organ is derived from a single mechano-sensory organ 
precursor (SOP) that is selected from a sheet of epithelia] 
cells by lateral inhibition of neuronal cell fate. Each SOP 
divides asymmetrically in a fixed lineage, initially to gen-
erate two secondary precursor cells, plia and plIb. Subse-
quently, pila divides to produce the shaft and socket and 
pllb divides to generate the neuron and the sheath. Each 
SOP gives rise to a stereotypic complement of cells through 
the segregation of determinants into one of each of the two 
daughter cells. Such determinants include the membrane-
associated Numb protein that hinds and antagonizes Notch 
signaling (Uemura et al., 1989; Wang at al., 1997). 
In hypomorphic dcas mutants almost all shafts are trans-
formed into sockets leading to a double socket phenotype in 
pupae and adults. Furthermore, in stronger alleles inner 
cells are often transformed into sockets, resulting in triple 
and quadruple sockets. Such phenotypes are characteristic 
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FIG. I. Diagram of nuclear protein import cycle and family tree of 
CAS related proteins in different organisms. (A) The import of a 
nuclear protein cargo containing an nis. imps links the cargo to 
imp/3 and the whole complex docks and translocates through the 
NPCs. Once in the nucleus, the complex is dissociated when 
RanGTP binds to impf3. CAS is required for impcs export from the 
nucleus. The RanGTP concentration is highest in the nucleus, 
whereas RanGDP concentrations are highest in the cytoplasm, 
providing directionality to import and export. (B) Diagram repre-
senting the degree of similarity between Dcas and its orthologs in 
other species. 
C 2002 Elsevier Science USA!. All rights reserved. 
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of mutations that cause an increase in Notch signaling 
(Maier et at, 1999; Wang et a]., 1997). The Notch receptor 
functions in restricting neural-fate specification during lat-
eral inhibition. Once cleaved, the Notch intracellular do-
main is imported into the nucleus (Struhl and Adachi, 
1998), where it activates the transcription of downstream 
genes together with its co-activator, Suppressor of Hairless 
{Su(H)) (Barolo et a]., 2000; Gho et a]. 1996). Hairless (H) is 
a Notch antagonist, thought to act by inhibiting Su(H) 
function (Maier et a]., 1999). 
We show that imp-a3 accumulates in the nucleoplasm of 
all cells of the developing mechano-sensory organ and the 
surrounding epidermal cells, suggesting that Dcas is the 
export receptor for imp-0 and presumably the other imp-a 
family members in Drosophila. Taken together, our results 
suggest that Dcas is a ubiquitous export receptor required in 
all tissues throughout development. We discuss the pos-
sible reasons why dcas mutations show defects character-
istic of developmental control genes and propose that 
tissue-specific requirements for imp-a function in nuclear 
protein import could provide the answer. 
MATERIALS AND METHODS 
Sequence Analysis 
Drosophila databases were searched for impo and impa family 
members using Blastp searches (Altschul et a]., 1997) and Pro-
fllesearch (as implemented on the Bioccelerator facility at EMBL ; 
http://eta.embl-heidelberg.de:8000/)  using profiles based on align-
ments of previously identified Ran binding proteins in human and 
Saccharoznyces cerevisiae. The following EST (expressed sequence 
tags) clones were obtained: LD12436 for CRM1, LD14270 for CAS, 
LD15058 for Transportin and LD10286 for imp-a3. LD14270 was 
sequenced and submitted to the Genbank database (accession 
number A1238857). 
Fly Stocks and dcas Alleles 
Flies were raised on standard corn meal agar food. The wild-type 
Drosophila rnelanogaster strain used was OregonR. The P-element 
was mobilized using standard genetic methods by crossing 
1(2)k03902 to a line carrying the transposase and identifying 
excision alleles by the loss of the white marker. A total of 35 
alleles were generated: 20 viable and 15 lethal. Several alleles were 
sequenced. Some viable alleles are precise excisions of the 
P-element, others are female sterile alleles containing 37-59hp of 
remaining P-element sequence. Seven of the lethal alleles have 
remaining P-element sequences between 200 hp and 4.5 kb in size. 
The female sterile imprecise excision lines were characterized in 
more detail as follows. dcas ! :  37 bp of the P-element remaining, 
female sterile at 25°C, lethal at 29°C. dcas'°: 38 bp of the 
P-element remaining, lays flaccid eggs at 25°C, but is lethal at 
29°C. dcas24 : 59 hp of the P-element remaining, semilethal and 
does not lay eggs at 25°C. EMS alleles of dcas were identified in a 
genetic screen for mutations affecting the cell lineage of Drosoph-
ila mechano-sensory organs (TT., D.B. and J.A.K., unpublished) 
using a tissue-specific Flp/FRT system (Newsome et a]., 20001. 
Male flies carrying FRT-sites close to the centromere of a particular  
chromosome arm were mutagenized and crossed to females that 
carry a cell-lethal mutation on the same FRT-chromosome and a 
transgene that expresses the Fip-recombinase under the control of 
an eyeless enhancer fragment. The progeny of this cross are 
heterozygous for the generated mutation but become homozygous 
in all tissues that express the eyeless promoter fragment. Even 
though this system was designed to analyze eye development, 
mutant clones extend over the whole head capsule and include 
most of the macro- and microchaetae bristles on the head. 
Immuno-Histology 
Nota or heads from pupae at 24-30 h APF were dissected in 
l%BSA, 0.1% Triton x-100, lx PBS and fixed in a 5% paraformal-
dehyde solution in IX PBS. To generate Dcas antibodies, amino 
acids 11-443 of Dcas were fused to GST. This fusion protein was 
purified on a glutathione column, eluted and injected into rats. The 
resulting Dcas antibody was used at 1:2000 for Western blotting 
and 1:100-1:200 for whole mount staining using standard method-
ology. Embryos (0-12 h) were collected and fixed as described by 
(Tautz and Pfeifle, 1989) using 4% paraformaldehyde in 1 x PBS. 
Ovaries were dissected in IMADS (Singleton and Woodruff, 1994) 
and fixed in Devit buffer saturated with Heptane according to 
(Verheyen and Cooley, 1994). Embryos and ovaries were incubated 
in S mg/ml RNAseA for 3 h at 37'C and extensively washed with 
I / PBS, 0.1 % Tween 20 solution before incubating with Dcas and 
Lamin primary antibodies, followed by the appropriate secondary 
antibodies and staining with To-Pro 3 (1:500, Molecular Probes). 
Other primary antibodies used for immunodetection: Rabbit anti 
Pros 1:1000 (Vaessin et a]., 1991), mouse anti-cut (mAb 21310, 
Developmental Studies Hybridoma Bank, 1:500), rat anti-Su(H) 
(1:2000, F. Schweisguth), rabbit anti-imp-0 (1:1000, Sue Cotterill), 
rabbit anti-Lamin (1:75, P. Fischer). All Alexa-coupled secondary 
antibodies were from Molecular Probes and used at 1:500. Images 
were acquired using a widefield deconvolution microscope from 
Applied Precision, as previously described (Davis, 2000) or on a 
Zeiss LSM-510 laser scanning confocal microscope. 
In Situ Hybridization 
In situ hybridization using antisense and control sense probes 
with histochemical detection were performed as previously de-
scribed (Tautz and Pfeifle, 1989) with modifications described in 
(Wilkie and Davis, 1998 ; Wilkie ci al.. 19991. 
Scanning Electron Micrographs 
Flies were frozen in an Eppcndorf tube at -20°C for 30 mm, 
dehydrated overnight in a chamber containing silica gel and then 
coated with gold. 
RESULTS 
dcas mRNA Is Maternally Supplied and 
Zygotically Expressed in the Embryonic Nervous 
System 
As a first step in determining the in vivo functions of 
nuclear transport factors during development, we studied 
the expression patterns of a number of Drosophila transport 
0 2002 Elsevier Science IUSA. All rights reserved 
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FIG. 2. mRNA expression patterns of dcas and other transport 
factors. tA-E) mRNA in situ hybridization with antisense probes 
against dcas. (A) wild-type egg chambers showing maternal supply 
of dcas mRNA. (B) Stage 3, prehiastoderm embryo showing very 
high levels of maternally supplied niRNA. (C) Stage 5, syncytial 
interphase 14 blastoderm embryo in which most or all the mater-
nally provided mRNA has disappeared. (D) Stage 11, germ-band 
extended embryo and (E) Stage 13, germ-band retracted embryo 
showing very high levels of dcas mRNA expression in the brain 
lobes and ventral nerve cord of the central nervous system. (F) Stage 
12, homozygous P-element insertion into dcas )l(2)k03902/(2)k03902( 
showing no detectable dcas mRNA. (G) Stage 3, preblastoderm 
embryo showing very high levels of maternally supplied tm 
mRNA. (H-J) Stages 12-13, showing ubiquitous mRNA expression 
of: tm (H), emb (I), and imp-a3 (J). 
receptors and one adaptor. We identified and characterized 
Drosophila orthologs by performing database searches with 
the S. cerevisiae and known human impf3 Ran binding 
domains (Ohno et al., 1998) (see Materials and Methods), 
obtaining EST clones and mapping their cytological posi-
tion. We performed in situ hybridization on wild-type 
embryos with probes against emb, Tmnl, dcas, and imp-0, 
the Drosophila orthologs of CRM1, transportini, human 
CAS and imp-0, respectively. We found that the mRNAs 
of most of these nuclear transport factors were ubiquitously 
expressed throughout development with only minor differ-
ences in the levels of expression between different tissues 
(Figs. 2H-2J). In contrast, dcas shows a dramatic pattern of 
tissue-specific mRNA expression (Figs. 2D and 2E). Mater-
nally supplied dcas mRNA is present in egg chambers (Fig. 
2A) and is highly abundant in 0-2.5 h embryos (Fig. 213), but 
disappears in blastoderm embryos at mid interphase 14 (Fig. 
2C). In stage 11-13 embryos, dcas mRNA becomes highly 
enriched in the embryonic CNS (Figs. 2D and 2E). At later 
stages, dcas is no longer expressed in the ventral nerve cord 
but persists in the brain lobes (data not shown). dcas is 52% 
identical to human CAS and highly homologous proteins 
were found for several other organisms by database searches 
(Fig. 1B). 
To determine whether the distribution of Dcas protein 
matches that of the mRNA, we raised a polyclonal antibody 
against Dcas. The antibody decorates a single band of the 
expected size of approximately 110 kDa on Western blots 
(data not shown) and the hand is significantly reduced (data 
not shown) in abundance in dcas mutants (see below), 
confirming the specificity of the antibody. Western blots 
and protein immunoloealization in whole mount wild-type 
embryos show that the protein is present throughout devel-
opment at approximately similar levels (Fig. 3 and data not 
shown) indicating that the maternal supply of Dcas protein 
persists during embryogenesis. However, Dcas protein dis-
tribution varies with different stages of the cell cycle in 
early embryos (Figs. 3A and 313). In interphase, Dcas protein 
is predominantly nuclear (Fig. 3A), but during mitosis it is 
present in the cytoplasm (Fig. 381. We also observed changes 
in the relative levels of nuclear and cytoplasmic pools of 
Dcas protein in different cells and stages of oogenesis (Figs. 
3C and 3D), presumably reflecting the amount of nuclear 
transport that is taking place in different tissues and times 
in development. For example, the level of protein in nurse 
cell nuclei increases dramatically during stage 10 of oogen-
esis (Fig. 31)). 
Dcas Is Specifically  Required for Mechano-Sensory 
Organ Cell Fate Determination 
To determine the function of Dcas during development, 
we isolated mutations in the gene. We first sequenced the 
full length eDNA and characterized the genomic region 
surrounding the gene (Fig. 4A). dcas is located within an 
intron of the midway gene, which encodes a homologue of 
mammalian Acyl Coenzyme A: diacylglycerol acyltrans-
ferase (DGAT) (Buszczak and Cooley, Genetics, in press). A 
pre-existing lethal P-element insertion, 1(2)1<03902, is lo-
cated 71hp upstream of the ATG of dcas (Fig. 413). In situ 
hybridization with dcas probes showed that the P-element 
insertion abolishes dcas nervous system niRNA expres-
sion (Fig. 2F) suggesting that its phenotype is due to a 
disruption of dcas expression. However, 1(2)k03902 and 
l(21k039021Df(2L)H20 (a deficiency that deletes dcas) em-
bryos have normal nervous systems as judged by 22C10 
staining (an antigen expressed by some CNS and all PNS 
neurons) (Fujita et al., 1982) and hatch at normal rates (data 
not shown). First instar larvae die soon after hatching, 
presumably because the maternally supplied protein is 
0 2002 Elsevier Science JUSAI. All rights reserved. 
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FIG. 3. The expression pattern of Dcas protein in egg chambers 
and embryos and its localization during the cell cycle. (A-D) Dcas 
protein is shown in green, DNA in blue and Lamin in red. (A) 
Blastoderm embryo showing that Dcas protein is predominantly 
nuclear during interphase. (B) Gastrulating embryos showing that 
Dcas protein is cytoplasmic in mitotic domains in the head 
(arrowheads), but nuclear in other parts of the embryo, which are in 
interphase. (C) stage 2 and 5 egg chambers showing that Dcas 
protein is nuclear and cytoplasmic in early egg chambers. Slightly 
more Dcas protein is in the oocyte nucleus (arrowhead) than in 
cytoplasm and the reverse is true in nurse cells (small arrow) and 
follicle cells (large arrow). (D) Stage lOB egg chamber showing that 
Dcas protein is localized to the oocyte nucleus (arrowhead), en-
riched in nurse cell nuclei arrow), but is mostly cytoplasmic in 
follicle cells. 
sufficient to support normal development until the end of 
embryogenesis. Homozygous 1(2)1<03902 first instar larvae 
die at the same time as 1(2)k039021Df(2L)H20  suggesting 
that the P-element is likely to be a null. We found that 
1(2)1<03902 homozygous clones were not recovered (data not 
shown) using eyFLP/FRT (Newsome et a). 2000), suggest-
ing that dcas performs an essential cell function. 
To determine whether the lethality of 1(2)k03902 is due 
to the P-element insertion itself, we mobilized the 
P-element. Precise excisions were found to fully rescue the 
lethality and zygotic dcas expression, showing that the 
lethality is due to the P-element insertion. We also gener-
ated hypomorphic alleles by imprecise excisions of the 
P-element to investigate the requirement for dcas at other 
stages of development (see Materials and Methods). We  
studied several hypomorphic alleles, all of which have 
similar phenotypes to each other but vary in their severity. 
)ne typical allele, dcas', is lethal at 29°C, but is a female 
sterile that lays flaccid eggs at 25°C. The phenotype of 
Jas"" was studied in greater detail and compared with 
other alleles of dcas (see below) and against dcas ° , a 
precise excision allele which resembles wild-type (referred 
to subsequently as precise excision). 
To determine whether the P-element insertion and im-
precise excision alleles disrupt dcas function, we made a 
ienomic rescue construct that includes the entire dcas gene 
md some sequences upstream of dcas. This construct lacks 
the midway transcription start site and sequences encoding 
ie N-terminal half of the protein (Fig. 4A). We found that 
he genomic dcas construct is able to rescue the lethality of 
2)k03902, whereas a full length dcas cDNA construct 
does not rescue the midway mutant phenotype. These 
esults demonstrate that the lethality of the P-element is 
Ale to a disruption of dcas. The dcas genomic fragment also 
fully rescues the female sterility, lethality and bristle phe-
lotypes of all the dcas alleles we studied (see below). 
Therefore, all aspects of the phenotype of dcas mutants are 
due to a disruption of dcas rather than midway. 
Unexpectedly, we found that dcas'2 flies show surpris-
ingly specific cell fate transformations in mechano-sensory 
organs (Fig. 5). In wild-type flies, the adult mechano-sensory 
organs consist of two external cells, a shaft cell that is held 
in place by a socket cell and two internal cells, the sheath 
and neuron, which are not visible on the external cuticle 
(see below). In dcas' 2"1Df(2L)H20, the shafts are missing 
from 92% of mechano-sensory organs on the notum. In-
stead, the organ consists externally of two or occasionally 
three or four sockets (Fig. 5). The dcas 1,21  phenotypes could 
either be due to the residual P-element sequences (see 
Materials and Methods) causing a tissue-specific disruption 
of promoter element function, or to genuine differences 
between the requirements of different tissues for dcas 
function. To distinguish between these possibilities, we 
studied two different EMS-induced lethal point mutations 
that alter the Dcas protein sequence. The EMS alleles were 
isolated in an independent screen for mutations that disrupt 
mechano-sensory organ cell specification (see Materials and 
Methods) and were shown to affect the same gene as 
1(2)k03902. We sequenced the dcas coding region in the 
EMS alleles and found that dcasEMs25  has a mutation (13 314 to 
N) in the coding region causing a change in a highly 
conserved amino acid, while dcas t° ' has an altered splice 
site consensus (Fig. 413). We created large homozygous 
clones of the EMS alleles in the head using the eyFLP/FRT 
system (Newsome et al., 2000) and found that both muta-
tions gave very similar phenotypes to the hypomorphic 
P-element induced imprecise excision alleles (Figs. 5 and 6). 
All allelic combinations tested in heterozygotes gave simi-
lar phenotypes, but varied in their strengths as judged by 
frequencies of the different multiple sockets. Therefore, we 
established an allelic series: 1(2)k039021Df(2L)H20, 
0 2002 Elsevier Science (USA. All rights reserved. 
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FIG. 4. Molecular characterization of the dcas locus and muta-
tions. (A) Map of the cicas genornic region. dcas is located within an 
intron of midway, a gene encoding acyl-coenzyme A: diacyiglyc-
erol acyl-transferase (DGAT), which is transcribed in the opposite 
direction. Restriction enzymes: RI (FeaR!) ; NI (NcoI). Black boxes 
indicate the dcas and midway open reading frames ; '"" indicates 
the stop codon. The position of the P-element insertion near dcas 
is shown. The genomic region shown here corresponds to 21 kbp of 
GenBank AE003652. (B) The intron/exon structure of dcas. Black 
boxes indicate the predicted open reading frame. The position of 
the residual P-element sequences in dcas?  are shown, as well as 
the amino acid changes in dca " and dcas" 2 . " RanBD" marks 
the position of the Ran binding domain. 
dcasa2, dcas"2 '/Df(2L)H20, dcas 	, with decreasing se 
verity of cell transformation (Fig. 6G). 
dcas Mutants Cause a Disruption of Imp-o3 
Nuclear Export Leading to Specific Transformation 
of Mechano-Sensory Organ Cells to Socket Cells 
To determine whether the dcas phenotype reflects a 
specific transformation of cell fate, the mechano-sensory 
cell lineage was studied using a variety of cell markers in 
early pupae. We found that internal mechano-sensory organ 
cells indeed show specific cell fate transformations rather 
than nonspecific effects on cell proliferation and division. 
Wild-type mechano-sensory organ cells originate by a ste-
reotypic lineage of asymmetric cell divisions resulting in 
five cells: shaft, socket, neuron, sheath and a less prominent 
glial cell, that subsequently migrates away from the other 
cells (Gho et a].. 1999). We found that in dcas"2 ' and in 
EMS-induced dcas alleles the additional socket cells origi-
nate from mis-specified shaft, neuron or sheath cells, as the 
total number of cells remains unchanged (Fig. 7 and data 
not shown). When two sockets are present, the internal 
cells are normal, but when three or four socket cells are 
present, the internal cells are reduced to one or none, 
respectively (Fig. 7). 
To determine whether the defects we observe in nuclear 
protein import are due to a disruption in imp-a3 export in 
dcas mutants, we visualized imp-a3 distribution in dcas 
pupal nota. We found that imp-a3 is enriched in the nucleus  
at the time when asymmetric cell divisions take place in 
the bristle lineage, as well as a similar aberrant imp-a3 
localization in the surrounding epidermal cells (Figs. 8A-
8F). We conclude that dcas has a similar function to that of 
human CAS (Kutay et al.. 19971 and yeast Cselp (Hood and 
Silver, 1998 ; Kunzler and Hurt, 1998 ; Solshacher et a]., 
1998) and is likely to he required in all cells for imp-o3 
export, explaining why homozygous clones of the 
P-element are cell lethal (see above). 
Our results show that, like in other organisms, Dcas is 
required for imp-a3 export and by inference for the nuclear 
import of nis-containing proteins. The dcas mutant pheno-
types closely resemble those reported for mutations that 
increase signaling by the Notch pathway, including H and 
Numb, or overexpression of the Notch intracellular do-
main. Therefore, we tested whether a perturbation in the 
nuclear/cytoplasmic distribution of components of the 
Notch pathway could underlie the observed developmental 
defects. We analyzed the localization of components of the 
Notch pathway in cicas mutants by staining with antibod-
ies against H (Maier at a]., 19991, Notch (Struhl and Adachi, 
19981 and Su(H) (Barolo et al., 2000; Bray and Furriols, 2001 ; 
Gho at a].. 1996). We found that most proteins showed no 
clear changes in intracellular distribution (data not shown), 
including some other factors involved in mechano-sensory 
organ specification, such as Prospero (Pros). The only ex-
ception was Su(H), which shows a reduction in the ratio of 
nuclear to cytoplasmic protein (Figs. 8G-80). However, the 
difference in distribution was seen at later stages of devel-
opment, when Su(H) functions in mechano-sensory organ 
physiology rather than cell specification (Barolo at a].. 
20001. We were unable to detect changes in Su(H) localiza-
tion at earlier stages (data not shown, see Discussion). 
Nevertheless, our results highlight that dcas mutants show 
a defect in nuclear protein import. 
In addition to their role in nuclear transport, CAS, Impot  
and Ran have been demonstrated recently to function in 
spindle formation in mammalian cells (Carazo-Salas et al., 
2001 ; Dasso, 2001 ; Gruss et al., 2001 ; Kalab at a]., 1999). In 
the dividing mechano-sensory organ cells the spindle func-
tions in the orientation of the division and in the segrega-
tion of determinants of cell fate. One key component is the 
Numb protein, which is normally segregated asymmetri-
cally to only one daughter cell and disruption of Numb 
localization causes a multiple socket phenotype (Rhyu at 
al., 1994), similar to dcas mutations. We therefore tested 
whether the hypomorphic dca.s phenotype is associated 
with aberrant Numb localization. We found that Numb 
segregation in dcas mutants is indistinguishable from wild-
type (data not shown). Furthermore, the correlation be-
tween Numb localization and spindle orientation, which is 
found in wild-type, is maintained in dcas mutants (data not 
shown). We therefore conclude that the dcas cell fate 
transformations are not caused by a defect in Numb protein 
segregation or by an abnormal spindle orientation. 
0 2002 Elsevier Science IUSA). All rights reserved. 
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FIG. 5. P-element induced dcas mutations cause specific cell fate 
transformations in mechano-sensory organs. Scanning electron 
micrographs of adult nota. (A) and (B) dcas 1D1(2L)H20 (precise 
excision of P-clement) showing a notum with normal microchaetae 
and rnacrochaetae. (C) and (D) dcas"27Df(2L)H20 (imprecise exci-
sion of P-element) notum in which more than 95% of macrochae-
tae and microchaetae show a specific transformation of shaft cells 
to socket cells. E)-(H) High powered view of single microchaetae 
from a dcas'27Df(2L)H2O  notum. (E) Not transformed. (F) Double 
socket. (G) Triple socket. (H) Quadruple socket. Scale bar is 200 am 
in (A), 100 jArn in (B) and 20 jim in (E). Magnification is identical in 
(A) and (C) ; (B) and (D) and (E)-(H). 
DISCUSSION 
We have characterized the expression pattern and func-
tion of dcas, the Drosophila ortholog of human CAS (yeast 
Cselp), an impJ3 related nuclear export receptor. dcas is 
52% identical to human CAS and we show that, like its 
ortholog, dcas is required for the nuclear export of at least 
one imp-a and indirectly for the import of at least one 
nuclear protein. Here, we present the first in viva charac-
terization of the function of the gene during multicellular 
development. Most current understanding of the mecha-
nism of nucleocytoplasmic transport has been gained in 
yeast or through the use of biochemical assays in perme-
ahilized single cells. Therefore, the potentially specific 
activities of transport factors during development have not  
been addressed, despite several recent reports of specific 
functions during the cell-cycle (Kong at al., 2000; Swanson 
et a]., 2000; Taktzawa and Morgan, 2000). 
Nuclear transport receptors have been considered to be 
generic house keeping machinery and therefore presumed 
to be essential for the viability of all cell types. Our data 
support this idea, because Dcas is likely to be required in all 
tissues for the nuclear export of impa and is essential for 
the viability of both larvae and flies and probably for general 
cell survival. However, despite the ubiquitous function of 
Dcas, we find that mutations in the gene cause tissue-
specific defects normally associated with mutations in key 
developmental regulators. Hypomorphic alleles of dcas 
show very specific defects in cell fate determination during 
development of the mechano-sensory bristles. These 
closely resemble the phenotypes of mutations that increase 
Notch signaling, for example, overexpression of the Notch 
intracellular domain or Su(H) (Bray and Furriols, 2001), as 
well as alleles of numb (Rhyu at al., 1994) or H (Maier et al., 
1992). 
We showed that a dcas mutant leads to nuclear accumu-
lation of imp-0, presumably because of a reduction in 
imp-0 export. This mutation also reduces the nuclear 
levels of Su(H) at late stages of bristle development, which 
we attribute to the inhibition of its nuclear import due to 
reduced availability of imp-a3 in the cytoplasm. However, 
other proteins tested, Notch, H, and Pros, did not show 
clear differences in distribution, demonstrating differential 
sensitivity among potential substrates to reduced impcs 
levels. 
What Is the Cause of the dcas Mechano-Sensory 
Bristle Phenotype? 
The simplest explanation for the unexpected specificity 
of the dcas phenotype is that nuclear import of one or more 
of the components of the Notch signaling pathway is 
unusually sensitive to cytoplasmic levels of impa. This 
might reflect a particularly high transport requirement or 
differences in efficiency of import of cargo. Alternatively, a 
fine balance may exist in the nuclear/cytoplasmic distribu-
tion of components of the Notch pathway. Many proteins 
that function in the nucleus, including some transcription 
factors, are able to shuttle rapidly between the nucleus and 
the cytoplasm and the distribution of such proteins may be 
perturbed easily. However, a perturbation in Notch or Su(H) 
nuclear import is expected to lead to the opposite pheno-
type to dcas, as would a disruption in Tramtrack import, a 
down stream component in the Notch pathway. H is a 
better candidate for a factor whose import is disrupted in 
dcas mutants because its loss of function phenotypes re-
sembles that of dcas mutants. Prospero may also be a 
candidate, but its role in PNS development is not very well 
studied. While we have not been able to observe any clear 
defects in the nuclear accumulation of H, Notch intracel-
lular domain and Prospero, immunolocalization is a poor 
indicator for signaling activity in the nucleus (Struhl and 
© 2002 Elsevier Science (USA. All rights reserved. 
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FIG. 6. EMS-Induced aCI1' mutation cause a specirie multiple 
socket phenotype and form a phenotypic series with dcas r . 
Scanning electron micrographs of clones of homozygous dcas i%Ti 
and dcas2M mutations in the head induced by ey FLP. (A) and (B) 
show macrochaetae and microchaetae pattern on wild-type head. 
(C) and (D) dcasEM headclones with either untransformed cells or 
shaft-to-socket transformation resulting in double sockets. (E) and 
F) dcas headclones with mostly three or four sockets. Scale bar 
in (A) represents 100 cm and the magnification of (A), (C), and (E) 
are identical. (B), (D), and (F) are parts of panels (A), (C), and (E), 
respectively, which are magnified by a factor of three, (G) Graph 
Adachi, 1998) and the lack of obvious changes in protein 
distribution is not conclusive. The only exception we found 
was Su(H), whose distribution was altered in dcas mutants 
Fig. 8), but this effect was visible only after the mechano-
sensory organ cells were already specified. At this time 
Su(H) functions in socket cell physiology rather than cell 
fate specification (Barolo et al., 2000). We were not able to 
detect any changes in the nuclear/cytoplasmic distribution 
of Su(H) at an earlier time when cell division and specifica-
tion take place and Su(H) protein is low in abundance. 
Nevertheless, these observations do show that Dcas is 
required indirectly for the import of Su(H) at later times. 
Future complementary biochemical and genetic experi-
ments may be able to identify which component of Notch 
signaling is most sensitive to a disruption in Dcas function. 
Alternative explanations for the specificity of the dcas 
phenotype can be envisaged, but have not yet been tested. 
For example, one specific impa might preferentially func-
tion in mechano-sensory cell fate determination and be 
particularly sensitive to perturbations in Dcas function. 
This hypothesis is supported by the fact that most Drosoph-
ila mechano-sensory cell specification factors have a clas-
ical nuclear localisation signal, which is recognized by 
mpcs. Furthermore, several different impo family members 
exist in mammals, and Drosophila has four irnpa family 
members (Kassel and Frasch, 1995) (Török et al.. 1995) 
Mathe et al., 2000) (Tekotte and Davis, unpublished data). 
In mouse embryos different members of the impa family 
show different patterns of tissue specific expression (Köhler 
Ct a]., 1997). In vitro studies show that different NLS-
containing proteins are likely to have a preference for 
binding to different impa family members, especially when 
in competition with each other, as is likely to occur in vivo 
(KOhler et a].. 1999). Together, these results suggest that 
impcs proteins could preferentially transport different im-
port substrates in different tissues. However, the two Dro-
sophila irnpct members that have been studied in some 
detail, 0H031 and imp-0, do not show the same tissue 
specific expression as dcas and a more extensive test of this 
hypothesis awaits analyses of the expression patterns and 
the cargo preferences of all the different Drosophila imps 
genes. 
Recent in vitro evidence in mammalian cells shows that 
Ran, impa, imp, and possibly CAS have a function in 
mitotic spindle assembly, which is independent of their 
role in NLS-mediated nuclear import during interphase, but 
involves similar molecular interactions (Dasso, 2001). This 
raises the possibility that the specificity of the dcas pheno-
type could he due to its function with impa in the regula- 
showing the frequency in percent of the different classes of mutant 
mechano-sensory organs: One shaft and one socket, two sockets, 
three sockets, four sockets, absent macrochaetae, or other pheno-
types. Ten independent headclones were scored for each mutant. 
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tations in ubiquitous factors with house keeping functions. 
Cut 	Su(H) 	Pros 	Pros 
	 Recent examples include, two of the most common human 
uanstormed speClli(.a!lv 1110) SOcket LCI1S iii kdl nlUt,Ints. jA-1 
Macrochaetae visualized by indirect immunofluorescence in pupi 
aged 23-28) h after pupa formation (APF). (A-D) Wild-type. (E-1 
dcas"2YDf(2L)H20 showing a double socket phenotype. (I-P) M 
crochaetae visualized by indirect immunofluorescence in pupe 
aged 28-301 h APF. (I-L) dcas t /Df(2L)H20 precise excision (M-I 
dcas'2 VDI(2L)H20 showing missing inner cells and three to foe 
socket cells. (A), (E), (1), and (M) Cut nuclear expression in all cell 
of the mechano-sensory organs. (B), (F), fl, and (N) Su(H) expressiol 
marking all socket cells. (C), Ci, (KI, and (01 Pros expresso' 
marking sheath cells 
r '' 	Ti, 
Hull UI lS\ fllflctr1c cell LIJ5 5100 alILl spindle UI 1CHL 
rather than in nuclear protein import. Certainly, ruL - - 
evidence suggests that impcx could also influence the rate of 
microtubule polymerization )Carazo-Salas et a]., 2001) and 
previous evidence suggested that human CAS associates 
with microtuhules (Scherf et a].. 1996). In Drosophila, the 
orientation of the spindles during the SOP divisions is 
essential for the specification of correct cell fate, as is the 
co-alignment of the asymmetrically segregated determi-
nants, such as Numb, with the spindle. However, we did 
not observe any changes in the segregation or distribution 
of Numb protein in dcas mutants nor any defects in the 
co-alignment of the Numb crescent with the spindle. 
Therefore, the specificity of the dcas phenotype is unlikely 
to be caused by a role in spindle formation or segregation of 
factors required for mechano-sensory cell specification. 
There are several other prominent cases of apparently 
highly specific developmental defects that are due to mu- 
FIG. S........ILLilit I 	.LllaII 	cfliI\ 	elk .Ini epiIerlllaI cells 
show abnormal inlp.113 accumulation in the nucleus and Su(H) 
accumulation in the cytoplasm. (A-F) Microchaetae (C-U) Macro-
chaetae (A-C) dcas "/Df(2L)H20  (precise excision of P-element). 
(D-F) dcas"27Df(2L)H20  (imprecise excision of P-element). (A and D) 
Cut expression marking the microchaetae clusters of three to four 
cells, at the time of pub division. (B) Normal imp-n3 accumulation at 
the nuclear envelope in precise excision. (El imp-c-6 is mislocalized to 
the nucleus. (C and F) Merged image of Cut (green) and imp-a3 (red). 
(C-I) wild-type. (J-O) dcast homozygous clones in the head. (C, J, 
and Ml Cut expression marking macrochaetae clusters of four cells (in 
(J-L) the forth cell is in a different focal plane). (H, K, and N) Su(H) 
expression marking the sockets. (C-I) One socket. (I-L) three sockets. 
(M-O) Four sockets. (C-I) Su(H) is normally predominantly nuclear in 
the socket cell. (J-O) Su(H) is nuclear and cytoplasmic in dcas 
mutants. (I, L, and 0) Merged image of Cut (red) and Su(H) (green). 
© 2002 Elsevier Science (USA). All rights reserved. 
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syndrome. SMA is due to mutations in the survival of 
motor neurons protein, a ubiquitous assembly and putative 
nuclear cytoplasmic transport cofactor for small RNA-
protein complexes (Pellizzoni at a)., 2001). Rett syndrome 
patients display specific neurological defects, which are 
caused by mutations in a ubiquitous house keeping methyl-
DNA binding protein, MeCP2 (Amir eta]., 1999; Guy at al., 
2001). It seems likely that specific phenotypes observed in 
other human genetic disorders may be caused by mutations 
in ubiquitous house keeping factors. 
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Perturbing Nuclear Transport in Drosophila Eye 
Imaginal Discs Causes Specific Cell Adhesion 
and Axon Guidance Defects 
Justin P. Kumar, Gavin S. Wilkie, Hildegard Tekotte, Kevin Moses,* 
and Ilan Davist" 
Departrnent of Cell Biology, Emory University School of Medicine, 1648 Pierce Drive, Atlanta, 
Georgia 30322; and -l-Wellcome Trust Centre for Cell Biology, ICMB, King's Buildings, 
University of Edinburgh, Mayfield  Road, Edinburgh E119 3JR, Scotland 
To study nucleocytoplasmic transport during multicellular development, we developed a sensitive nuclear protein import 
assay in living blastoderm embryos. We show that dominant negative truncations of the human nuclear transport receptor 
karyopherin(3/Importin (DNImpØ) disrupt mRNA export and protein import in Drosophila. To test the sensitivity of 
different developmental processes to nuclear trafficking perturbations, we expressed DNImp behind the morphogenetic 
furrow of the eye disc, at a time when photoreceptors are patterned and project their axons to the brain. DNImpfJ expression 
does not disrupt the correct specification of different photoreceptors, but causes a defect in cell adhesion that leads to some 
photoreceptors descending below the layer of orninatidia. The photoreceptors initially project their axons correctly to the 
posterior, but later their axons are unable to enter the optic stalk en route to the brain and continue to project an extensive 
network of misguided axons. The axon guidance and cell adhesion defects are both due to a disruption in the function of 
Ketel, the Drosophila ortholog of lmportin. We conclude that cell adhesion and axon guidance in the eye have specific 
requirements for nucleocytoplasmic transport, despite involving processes that occur primarily at the cell 
surface. © 2001 Elsevier Science 
Key Words: Drosophila; nucleocytoplasmic trafficking; cell adhesion; photoreceptors axon guidance ; eye imaginal disc; 
blastoderm embryo; inRNA export; nuclear protein import; ImportinfJ ; karyopherin3 ; Ketel. 
INTRODUCTION 
Nucicocytoplasmic trafficking is essential in eukaryotic 
cells and many constitutive and universally required traf-
ficking factors have been identified and characterized in 
single-celled systems (Conti and Izaurralde, 2001 ; Mattaj 
and Englrrieier, 1998). All nuclear trafficking occurs 
through nuclear pores in the nuclear envelope. Each pore 
consists of 50-100 nuclear pore complex (NPC) proteins, 
required for NPC structure or transport of cargo (Ohno et 
al., 1998). Each class of cargo requires a specific soluble 
transport receptor, which in some cases is linked to its 
cargo by an adapter (Conti and Izaurralde, 2001). For ex-
ample, karyopherinl3/Importinj3 (In -ipf3) is the receptor for 
nuclear localization signal (nls)-dependent protein import 
To whom correspondence should be addressed. Fax: (44) 
131,650 7031. E-mail: iJan.davised.ac.uk . 
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and karyopherina/Irnportinct (Impa) is the adapter that 
links Imp/3 to the nis containing cargo (Gorlich et al., 1994, 
1995 ; Moroianu et a]., 1995) (Fig. 1A). Other members of the 
Imp/I family of receptors are required for trafficking of other 
kinds of cargo and there are a number of different lmpa 
adapters (Mattaj and Englmeier, 1998). Most, but not all, 
nuclear trafficking also requires the small GTPase Ran and 
its associated exchange factors. Ran exists in a GTP-hound 
form in the nucleus and GDP-hound form in the cytoplasm, 
thus providing directionality to transport (Azuma and 
Dasso, 2000). In addition to their role in nuclear trafficking, 
some of these factors function independently in the cyto-
plasm during cell division (Dasso, 2001). 
Despite the recent advances in understanding the basic 
mechanisms of nuclear transport, it is still not clear how 
nuclear transport machinery functions in the context of 
multicellular development (Davis, 1997). This question 
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The import of a nuclear protein cargo containing an nis. Impa (a) 
links the cargo to Imp () and the whole complex docks to the 
NPCs. Once in the nucleus, the complex is dissociated when 
RanGTP binds to 0. )3 is reexported with RanGTP. RanGTP is 
mainly nuclear whereas RanGDP is cytoplasmic, providing direc- 
tionality to import and export. (B) Transgenic nuclear GFP (nlsGFP) 
as an assay for nuclear protein import in living syncytial blasto- 
derm embryos. At time 0 after injection of nIsBSA, all the periph- 
eral nuclei accumulate nlsGFP. (C) 50 s after injection: a partial 
inhibition of nIsGFP import due to saturation of the import 
machinery with excess nIsBSA cargo near the site of injection. The 
inhibition is reversed with time (not shown). (D) A GFP fusion 
protein that lacks the nls and is both nuclear and cytoplasmic (E) 
nlsGFP blastoderm embryo 12 min alter injection with a nonhy- 
drolysable mutant of human RanGTP. nIsGFP nuclear import is 
inhibited around the site of injection. The inhibition is not reversed 
over time. The images are selected from time-lapse movies of 
injected living embryos imaged at 30-s intervals (E) or 10-s intervals 
(C). The site of injection in the yolk is marked with "X." 
Drosophila nuclear transport factors have been character-
ized, including Ketel, the homologue of human Imp (Er-
delyi et al.. 1997; Lippai et al., 2000; Tirian et al., 2000) and 
two Impa homologues, 0H031 (Torok et a].. 1995) and 
lnipa3 (karyopherin-a3) (Dockendorff et al. 1999 ; Mathe et 
al., 2000). During development, mRNA export is required 
tor all gene expression and nuclear protein import is re-
1uired, among other things, for signaling and activation of 
.nes by nuclear transcription factors. However, the details 
the nuclear transport steps and their regulation remain 
unknown in most cases (Kaffman and O'Shea, 1999). Fur-
thermore, it is unclear whether nuclear transport also plays 
a role in cell adhesion, axon guidance, and other processes 
at the cell periphery. 
To address these questions, we have expressed a general 
inhibitor of nuclear transport in the Drosophila eye imagi-
nal disc, at a time when many important and well-
characterized patterning decisions are made. The com-
pound eye consists of approximately 800 regularly spaced 
ommatidia, each consisting of 8 photoreceptors (R1-R8) and 
a complement of accessory cells (Wolff and Ready, 1993). 
I )uring eye development, a wave of differentiation proceeds 
rum posterior to anterior behind the morphogenetic fur-
:ow. The R8 neuron is the first photoreceptor to he specified 
lollowed by the stepwise addition of the R2/R5, R3/R4, 
B  /R6, and R7 photoreceptors and the later recruitment of 
iccessory cells (Wolff and Ready, 1993). This process is 
highly complex and must depend on mRNA export and the 
nuclear import of many types of protein cargo for the 
regulation of cell-cycle progression, cell signaling, and dif-
tcrentiation (Kumar and Moses, 1997). However, the 
mechanism of nuclear transport of specific cargo has not 
heen studied in the eye. 
After they are correctly specified, several thousand pho-
toreceptor cells project their axons to the appropriate parts 
of the optic lobes of the brain, by a series of guidance 
decisions (Meinertzhagen and Hanson, 1993). The photore-
ceptors first project toward the posterior, followed by a 
decision to project into the optic stalk and continue to the 
brain as a series of axon bundles or fascicles. The axons of 
the eight photoreceptors in each ommatidium are bundled 
into a single fascicle with RI-R7 axons surrounding the 
central R8 axonal projection (Meinertzhagen and Hanson, 
19931. Individual photoreceptor axons exit the fascicles and 
connect to the appropriate parts of the optic lobes, depend-
ing on their identity and position within the retinal epithe-
lium (Meinertzhagen and Hanson, 1993). Once a photore-
ceptor is correctly specified, the cues that guide its axons to 
the correct destination are thought to depend on the growth 
cone responding locally to guidance signals via changes in 
the cytoskeleton. 
Here, we have perturbed nucleocytoplasmic trafficking in 
the eye disc to study the requirements of different develop-
mental processes for nuclear transport. We used a dominant 
negative truncation of the human import receptor, Imp/3 
(DN1mp) and show, using a new in vivo trafficking assay, 
that its expression in the Drosophila syncytial blastoderm 
embryo blocks nis-mediated protein import and mRNA 
export, causing embryonic lethality. DNImpp expression in 
the eye disc does not perturb the specification of photore-
ceptors or the initial posterior projection of photoreceptor 
axons. Later in development, DNImpf3 expression causes an 
adhesion defect leading to individual photoreceptors de- 
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FIG. 2. DNlmpj3 inhibits nist11' nuclear import and mRNA 
export in the blastoderm embryo.(Al Effect of different truncations 
of human Impo assayed by injection into nIsGFP embryos. The 
known functions of the different regions of the protein are shown. 
The black bar represents the wild-type full amino acid sequence of 
the protein. Truncations shown in green have no affect, those 
drawn in open bars show a partial inhibition, and red truncations 
fully inhibit nlsGFP import. The concentration of protein injected 
is shown in lim on the right of each truncation. (B, C) Time-lapse 
images of a living n1sGFP-expressing embryo injected with a 
truncated [mpg 45-462 ("X" marks the site of injection). (B) At 
time 0 after injection. (C) 15 min after injection the inhibition of 
nIsGFP nuclear import is maximal and irreversible. The inhibition 
begins at 5 min after injection not shown). Di Injected FITC-
tagged Imp 45-462 accumulates at the nuclear envelope within 5 
mm. (E) A low-magnification view of a blastoderm embryo injected 
with DNlmpf3, fixed and processed by in situ hybridisation to 
detect runt (run) mRNA (red). NPCs are visualised with wheat 
germ agglutinin (WGA) AIexa488 (green). Intense fluorescence 
within the interior of the embryo is due to WGA accumulation in 
the yolk. (F) A high-magnification view of part of the embryo 
shown in (E). run expression stripes at a distance from the site of 
scending below the layer of the ommatidia. Surprisingly, 
photoreceptor axons fail to enter the optic stalk, leading to 
a dense web of misguided axon bundles. We conclude that 
cell adhesion and the decision of axons to enter the optic 
stalk are more sensitive to a partial reduction in nuclear 
trafficking efficiency than are the signaling events that 
pattern the photoreceptors. 
MATERIALS AND METHODS 
Fly Stocks, Plasmid Construction, and Trans genic 
Flies 
Wild-type strain used was OrcgonR. Ketel alleles that showed 
enhancement of the DNImpg eye phenotype: Df(2L)7W2, 
Df(2L)TWI6I, Df(2L)pr76, Ketel' , Ketc1"', Ketel'' , but not 
Ketel'" (a cold sensitive allele) Lippai ci al.. 2000; Tirian et al., 
2000). Arm alleles that did not show an enhancement or suppres-
sion of the DNlmpf3 eye phenotype: arm"" and arm ". Ga14 
stocks used were generously provided by the following investiga-
tors: S. Campbell (sd.Gal4 and sca-Gal4), P. Ingham (ptc-Gal4), A. 
larman (sev-Gal4, GMRI2-Ga14 and GMRI5-Ga14 (referred to in 
the manuscript as GMR-Gal4 unless otherwise stated)). Ketel 
,illeles were generously provided by J. Szabad and the deficiencies 
were obtained from the Bloomington Stock Centre. The full 
genotype of the DNImpp stock is: yw ; p)w+, GMRI5-Gal4I, pfw+, 
t)AST-DNImp45-462A(. The phenotypes we describe are based 
on at least three independent lines of UAS-DNImp. 
Plasmid pUAST-1-IsIinp45-462 (DNlmp3) was constructed 
by PCR amplification of a fragment of the human Importing  
gene from pQE60 (generous gift from D. Gorlich) with the 
tollowing oligonucleotide primers: Primer 1, 5'-CAGGTGAAT-
TCCACCATGGCAAATCCAGGAAACAGTCAG-3 and Primer 
2, 5'-TGATCAGATCTCAAGCACTGAGACCCTCAATCAG-3 
tollowed by restriction digestion with EeoRI (underlined) and 
HindIII ( double underlined) and ligation into the same sites of the 
pUAST P-element transformation vector (Brand et al., 1994). The 
uligonucleotides thus introduced a Kozak consensus for efficient 
translation followed by an initiator Met (bold) at residue 45 of the 
human Importing. Transgenic flies were made by standard tech-
niques by injecting 0.3 mg/ml pCa4-based constructs into w' 
stocks with 0.1 mg/ml A2,3 helper plasmid. 
Assaying Nuclear Import and mRNA Export from 
the Nucleus in Blastoderm Embryos 
Nuclear protein import was assayed by injecting purified pro-
teins into mnterphase-14 blastoderm embryos expressing a nuclear 
GFP of the genotype yw ; nIsGFPM; n1sGFPN (4 copies of the 
transgene, Davis ci al.. 1995). The proteins and reagents that were 
injected into blastoderm embryos were generous gifts from: D. 
injection are unaffected, with the majority of the mRNA localising 
to the apical cytoplasm and to bright nascent transcripts within the 
nuclei. An inhibition of mRNA export leads to run accumulation 
in the nucleoplasm in an expression stripe close to the injection 
site. 
2001 Elsevier Science. All rights reserved. 
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Görlich itruncations of human imp/3 protein) and I. Palacios 
Iwild-type and mutant Ran, nIsBSA and sInBSA). The embryos were 
prepared for injection by using standard techniques normally used 
for making transgenic flies and stuck onto a 22- X 40-mm coverslip 
coated in a solution of double-sided sticky tape dissolved in 
heptane. The embryos were imaged by using an 1X70 inverted 
Olympus microscope. In situ hybridisation to detect runt (run) 
mRNA in embryos was performed as previously described by using 
tyramide signal amplification (TSA) with Cy3-tyramides and covi-
sualisation of the nuclear envelope by using AlexaFluor488-
coupled wheat germ agglutinin from Molecular Probes (Wilkie and 
Davis, 1998 ; Wilkie et al., 1999). Fixed or living embryos were 
imaged by using wide-field microscopy with a cooled CCD camera 
as previously described in detail Davis, 2000 ; Wilkie et al., 1999). 
Immunolocalization of Proteins in Eye Discs 
Eye discs were dissected in phosphate buffer, fixed in 2°!,, 
paraformaldehyde, and washed in phosphate buffer with 00!, 
Triton (PBT). Discs were then incubated in primary antibodies 
overnight at 4°C. Primary antibody concentrations are as follows: 
Elav 1:100; 22C10 1:100; Repo 1:100; Cl 1:5 ; Boss 1:2000 ; Ato 
1:1000 ; and Arm 1:100. The following day, discs were washed in 
PBT and incubated in secondary antibodies and 1:50 phalloidin for 
2 h at room temperature. Discs were mounted onto coverslips with 
Vectashield (Vector) and viewed with a Zeiss LSM 5 confocal 
microscope. 
RESULTS 
Dominant Negative Truncations of Human Imp3 
Inhibit Nuclear Trafficking  and Cause Lethality 
in Drosophila Bias toderm Embryos 
In order to study the effects of disrupting nuclear traffick-
ing during development, we introduced into Drosophila a 
number of different human proteins that inhibit most 
nuclear transport. We developed an assay for nis-mediated 
protein import in living syncytial blastoderm embryos (Fig. 
1), using a transgenic line of flies expressing an nIsGFP 
fusion (Fig. lB) at all stages of development (Davis et al., 
1995). n1sGFP nuclear accumulation is presumably medi-
ated by active import via the nls import pathway, since a 
similar construct lacking an nls (Davis et a]., 1995) does not 
show specific nuclear accumulation of GFP (Fig. lD). We 
tested the involvement of the nls directly, by determining 
whether n1sBSA acts as a competitive inhibitor of nIsGFP 
nuclear import, as has been shown in other systems (Pala-
cios et al., 1996). Our results show that n1sBSA inhibits 
nlsGFP nuclear accumulation (Fig. IC), while BSA with a 
reverse nis (s1nBSA) (Palacios et a]., 1996) has no effect (data 
not shown). We also tested whether nIsGFP nuclear import 
requires Ran for its nuclear accumulation by injecting Ran 
Q69L (glutamine 69 changed to leucine), a nonhydrolysable 
mutant human Ran, previously shown to inhibit protein 
import in other systems by preventing the formation of the 
nis-cargo Impa and Impo import complex in the cytoplasm 
(Palacios et a]., 1996). Our results show that Ran Q69L also 
inhibits nIsGFP import in embryos (Fig. 1E), while wild- 
type Ran and a mutant Ran that is unable to bind GTP, Ran 
T24N (threonine 24 changed to asparagine) (Palacios et al., 
1996), have no effect (data not shown). 
We conclude that n1sGFP is imported into the nucleus via 
active import mediated by its nls through the normal 
pathway involving Impa, Imp/3, and Ran. The nIsGFP is 
approximately 40 kDa in size (Davis at a].. 19951, smaller 
than the cut-off for passive diffusion through NPCs. The 
nlsGFP protein is therefore likely to be continuously reim-
ported after diffusing out of the nucleus, thus making the 
assay very sensitive. Larger nuclear proteins are imported 
only once each cell cycle and would not be appropriate for 
a rapid in vivo assay during interphase. 
We used the in vivo nlsGFP import assay to test the 
effects on protein import of a series of dominant negative 
truncations of human Imp/3, which have been shown to 
disrupt binding of ImpI3 to the NPC, Impci, and/or Ran 
(Kutay et a]., 1997). We found that most truncations acted 
as potent inhibitors of n1sGFP nuclear accumulation (Figs. 
2A-2C) in agreement with previously published observa-
tions in other systems (Kutay et a]., 1997). We tested 
whether the truncations are likely to act by binding to 
NPCs by injecting FITC-tagged Impo truncations. Our 
results show that the truncation accumulates at the nuclear 
envelope (Fig. 2D), suggesting that the mechanism of inhi-
bition is similar to that described in other systems (see 
Discussion). 
We also tested whether one of the truncations, 45-462 
(DNImp/3), inhibits mRNA export from the nucleus by 
performing mRNA in situ hybridisation with probes against 
runt (run), a highly expressed blastoderm pair-rule tran-
script. run mRNA export from blastoderm nuclei is inhib-
ited by DNImp3, causing transcripts to accumulate in the 
nuclear interior (Figs. 2E and 2F). We also found that 
DNImpJ3 disrupts the export of hunchback mRNA (data not 
shown). Our results are in agreement with observations in 
other systems showing that DNImpj3 inhibits all nucleocy-
toplasmic trafficking with the exception of tRNA (Kutay et 
a]., 19971. In order to test whether DNImpf3 is also a potent 
inhibitor of nuclear trafficking in other cells, we made 
transgenic lines expressing DNlmpI3 under Gal4/UAS con-
trol. Crossing UAS-DNlmpf3 to patched-GAL4 (ptc-GAL4) 
causes embryonic lethality, due to a nonspecific develop-
mental arrest at gastrulation and before germ-band retrac-
tion (data not shown). We conclude that DNJrnpf3 disrupts 
most nuclear trafficking in Drosophila embryos with the 
probable exception of tRNA. 
Expression of DNImp3 in the Eye Causes Guidance 
Defects in Projecting Photoreceptor Axons and 
Leads to Some Photoreceptors Descending Below 
the Ommatidia 
To investigate the affects of DNIrnp,6 in tissues other 
than the embryo, we crossed the UAS-DNlmp to other 
Ga14 lines with tissue-specific expression patterns (data not 
shown). We found that, in many cases, no phenotype was 
0 2001 Elsevier Science. All rights reserved. 
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FIG. 3. Expression of DNImpf3 in L)roopIiii 	dci (MR-Ca14 
control causes deletion of adult eye structures and disruption of 
axon guidance in the eye disc. (A-D) Low-magnification scan-
ning electron micrographs of eyes of flies raised at 25°C express-
ing different levels of DNImpp. A) Control with one copy of the 
GMRI5-Ga14 transgene showing a wild-type-like eye. (B) One 
copy of GMRI5-Ga14 and one copy of UAS-DNImpo showing a 
reduced eye due to missing ommatidia. (C) One copy of GMR15- 
Ga14, one copy of UAS.DNImpf3, and one copy of Df(2L)TW2, a 
small deficiency of Ketel, the Drosophila Imp homologue, 
which enhances the phenotype (of B), (D) Two copies each of 
GMR-Gal4 and UAS.DNImpp Ireferred to as DNlmpP in all 
subsequent figures and throughout the text) showing complete 
elimination of eye structure. (E-J) 3rd instar larval eye discs 
stained with the neuronal marker 22C10. (E-G) One copy of 
DNlnip raised at 25°C is similar to wild type. (E) Apical view of 
an eye disc. 22C10 marks the apical profiles of the photorecep-
tors (see inset) and the Bolwig nerve. (F) A more basal view of the 
same disc showing the photoreceptor axons extending posteri-
orly towards the optic stalk. (G) Higher magnification view of 
the Section seen in (F) showing axon bundles migrating through 
the optic stalk (see inset for still higher power view). (H, I) Two 
copies of DNImp. (H) DNImpj3 expression disrupts axon guid-
ance within the eye disc. Photoreceptor axons, which normally 
lie basally in wild type, are located in an apical position. 
Cell-fate specification and ommatidial cluster spacing are 
largely unaffected see inset). (I) A more basal section showing 
stalled and misrouted axon bundles that fail to enter the optic 
stalk see inset). (I) DNlmpI3/Ketel showing that the phenotype 
is enhanced by removing one copy of the Ketel gene (in com-
parison to one copy of DNlmpI3). Anterior is to the right in all 
panels. Arrows mark the optic stalk and arrowheads the mor-
phogenetic furrow. 
observed, including crosses to: eyeless-GAL4 (ey-GAL4), 
sevenless-GAL4 (sev-GAL4), and scabrous-GAL4 (sea-
GAL4). In contrast, expressing DNImpo behind the mor-
phogenetic furrow by crossing UAS-DNImp)3 to GMR-Gal4 
[a glass (gI) regulated promoter driving Gal4] produced a 
strong dosage dependent eye phenotype (Figs. 3A-3D). 
GMR-Ga14 is expressed, like the gl promoter, immediately 
behind the morphogenetic furrow, and we confirmed the 
timing of expression by crossing GMR-Ga14 to UAS-LacZ 
and found that -galactosidase expression is first detected at 
ommatidial column 4 (data not shown). 
DNImp/3-expressing flies have eyes which are either 
rough, glazed, reduced in size, or completely lacking any 
eye structure depending on the number of copies of the 
Ga14 driver line and UAS-DNImpJ3 inserts (Figs. 3A, 313, and 
3D). Temperature also affects the strength of the phenotype 
due to an increase in the efficiency of Ga14 activation with 
increasing temperature (data not shown). Two different 
insertions of the GMR-Ga14 (GMRI5-Gal4 and GMR12-
Ga14) transgene also gave different strengths of eye pheno-
type, with GMR15 being stronger than GMRI2 [data not 
shown, all subsequent experiments were performed with 
GMR15-Ga14 (GMR-Ga14), unless otherwise stated]. Our 
results show that the level of DNImpp determines the 
strength of the eye phenotype. Therefore, the eye phenotype 
provides a sensitive genetic test for components that are 
affected by DNIrnpI3 expression. 
In order to determine the basis of the dramatic adult eye 
phenotype of GMR-Ga14, UAS-DNImp homozygous flies 
(two copies of each transgene) at 25°C (referred to subse-
quently as DNImp), we examined the phenotype of third 
instar larval DNIinpP eye discs. We stained discs with the 
neural-specific antibody 22C10 (Fujita et a]., 1982), which 
allows observation of ommatidial assembly and axonal 
guidance (Figs. 3E-3G). In DNlrnpp discs, the initial pattern 
of recruitment of photoreceptors was similar to wild type 
(Figs. 3H and 31). The R8 photoreceptor is recruited first 
into ommatidia followed by R2/R5, R3/R4, R1/R6, and then 
R7 (Tomlinson and Ready, 1987). Furthermore, the initial 
extension of the R8 photoreceptor axon toward the poste-
rior and subsequent addition of other photoreceptor axons 
to the R8 axon is also normal in DNImpJ3 discs (Figs. 3H 
and 31). However, the projecting photoreceptor axons do not 
reach the optic stalk and continue to project, forming a 
tangled web of misguided axons near the entrance to the 
optic stalk (Figs. 3H and 31). While this phenotype was 
pronounced in axons that originate from ommatidia situ-
ated in the centre of the eye field, axons originating from 
the posterior-lateral margins navigate to the optic stalk 
correctly (Fig. 31). 
To investigate the cause of the missing eye phenotype, 
we stained DNImpP third instar eye discs with the marker 
Elav, which recognizes an RNA binding protein in the 
nuclei of neurons (Robinow and White, 1991). In wild-type 
discs, Elav marks all developing photoreceptors starting at 
the fourth column of ommatidia and the proximal regions 
of the optic stalk are devoid of any neurons (Figs. 4A and 
© 2001 Elsevier Science. All rights reserved. 
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413). We found that Elav expression is normal in DNImpji 
discs in the first few rows of photoreceptors behind th 
furrow (Fig. 40, despite the GMR-Ga14-activating lmpf3 
FIG. 4. Expression of DNImp)3 causes photoreceptors to descend 
from the epithelium into the optic stalk. Eye discs stained with the 
neuronal nuclear marker Elav (een) and counter stained with phal-
loidin to visualise F-actin (red). A, B) DNImpf3/+ jone copy). (Al 
Apical view of a developing disc showing most of the photoreceptor 
nuclei in a single plane, while the optic stalk (arrow) is free of Elav 
positive nuclei. (B) A higher magnification view of A) showing the 
posterior section of the eye disc and the optic stalk. (C-E) DNlnipj3 
two copies). (C) Expression of DNlmpfi leads to photoreceptors 
descending from the epithelium into the optic stalk. (D) A much 
higher magnification view of part of (C) showing many ommatidia 
with fewer than normal photoreceptors (arrow heads). (E) A slightly more 
basal section of the same disc shown in (C) showing Elav-positive cells 
lying at the entrance and within the optic stalk. (F) DMmpj3/Kr'tel disc 
with a very similar phenotype to DNImp(3 (two copies), showing that the 
phenotype is enhanced by removing one copy of the Kate] gene. Anterior 
is to the right in all panels. Short arrows mark the optic stalk. Long 
arrow in (E) marks the descending photoreceptors. Arrowheads mark 
the advancing furrow in (A), (C), and (F). 
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1-lU. . Expression ot DNlmpp disrupts Armadillo tArm locali:a-
t1011 it adherens junctions but has no etlet on early events in eye 
patterning. Developing eye discs stained with either phalloidin to 
\i5ualize F-actin (A, B, E, and F), anti Atonal (Ato) antibody (C, G) or 
anti Glass (GI) antibody (D, H). (A-D) DNlmpp/-l- (one copy) control. 
-H) DNlmp (two copies). (A, B) Actin at the apical profiles of all 
is within the eye disc, highlighting the ommatidial precursors 
iting the furrow. (C) Ato is expressed in a broad band ahead of the 
arrow, within it and in R8 posterior to it. Dl GI is expressed in every 
cll within and posterior to the furrow. (E, F) Expression of DNImpf3 
does not affect the initial development of the ominatidial preclusters. 
Gi Ato expression is largely normal in DNImp discs, showing that 
the R8 photoreceptor is specified correctly. (H) GI expression within 
the furrow is also normal, but older ommatidia are missing varying 
numbers of photoreceptors (also see Fig. 4). J-P) Developing eye discs 
stained with anti-Arm. (I-L) DNImp/+ (one copy) control. (M-P) 
DNImp (two copies). (I) Arm localization in adherens junctions of 
every cell within the eye disc. The highest levels of expression are in 
the furrow and in ommatidial clusters that he posterior of the furrow. 
fl Higher magnification view of the section in (I). (K) Still higher 
magnification view, focusing on the furrow and the first few omma-
tidial clusters. (LI More posteriorly positioned clusters. (M) Arm in 
DNImpf3. (N) Higher magnification view of (M). (0) Still higher 
magnification view of the morphogenetic furrow. Arm staining is 
normal within the furrow and the first few columns of ommatidia. (P) 
Reduced or absent Arm staining in clusters lying further posterior. 
expression within these cells, as judged by /3-galactosidase 
expression in GMR-Ga14, UAS.lacZ (data not shown). How- 
ever, in later columns of ommatidia, there are fewer than 
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cells that have failed to migrate into the retina (arrowhead) and are located in a more basal position. (G-I) GMR1.S-Ga14, UAS-DNImpp (two 
copies), showing a stronger phenotype. The majority of the Repo-expressing glial cells fail to enter the retina. Arrows mark the furrow. 
normal photoreceptor cells (Figs. 4C and 4D). These cells 
are not eliminated by cell death but descend from the 
epithelium into the optic stalk (Fig. 4E), which is normally 
free of neurons (Figs. 4A and 4B). The loss of photoreceptors 
from the epithelium explains the reduced or missing eye 
phenotype seen in adult flies, as their loss probably contin-
ues throughout later eye imaginal disc development and 
support cells (pigment and cone cells) cannot develop in the 
absence of photoreceptors. 
DNImpfJ Expression Disrupts Ketel (Imp) 
Function but Dot's Not Interfere with 
Photoreceptor Specification 
To test whether the axon guidance phenotype and loss of 
photoreceptors and their descent to the optic stalk are due 
to a disruption of lrnpJ3 function in the eye, we removed one 
copy of Ketel, the Drosophila homologue of lmp (Erdclyi 
et al., 1997), using recessive alleles. We found that three 
different Ketel deficiencies and three different recessive 
point mutations strongly enhance the DNImpf3 external 
eye phenotype (Fig. 3C and data not shown). 22Cl0 staining 
of discs containing only one copy of DNImpJ3 and lacking 
one copy of Ketel reveals a similar axon guidance phenotype  
to those expressing two copies of DNImpf3. In contrast, 
discs expressing one copy of DNImpf3 and two copies of 
Ketel show a wild-type phenotype (Fig. 3J and data not 
shown). Similarly, Elav staining shows that Kate] muta-
tions also enhance the descent of photoreceptors into the 
optic stalk (Fig. 4F). We conclude that the phenotypes 
caused by DNImpP expression in the eye are due to a 
reduction in Kate] function. 
To test whether the axon guidance defects we observe are 
simply due to the photoreceptors being wrongly specified, 
we first imaged the cells in DNImpp discs by visualizing F 
actin. Cells in DNInipo discs were very similar to those 
previously described in wild type (Wolff and Ready, 1991) 
Figs. 5A, 5B, SE, and SF). While cells at the anterior edge of 
the furrow begin to contract their apical profiles and have 
basally migrating nuclei (Figs. 5A, SB, SE, and 5171, those 
within the furrow are grouped in rosettes of 15-20 founding 
cells of the ornmatidia (Figs. 5B and 5F). As the furrow 
progresses, all but five of the cells in the rosette leave the 
developing ommatidial cluster (Figs. 513 and SF). As devel-
opment proceeds RI, R6, R7, and accessory cells join the 
cluster (Wolff and Ready, 1991). 
To further test whether the axon guidance phenotype 
could be explained by the photoreceptors having a subtle 
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defect in their identity, we examined the expression of a 
number of proteins that are essential for proper photorecep-
tor differentiation. We found that the photoreceptors were 
initially specified correctly, and maintained appropriate 
identities despite stochastic loss of photoreceptor cells from 
the ommatidia (Figs. 5C, 5D, 5G. and 5H). In wild-type 
discs, the first cell in the precluster is R8 (Tomlinson and 
Ready, 1987), which is specified by Atonal (Ato), a basic 
helix—loop—helix proneural transcription factor (Jarman et 
al., 1995). Ato is first expressed in a narrow row of cells just 
anterior to the furrow and is then refined to columns of 
single R8 photoreceptors (Dokucu et a]., 1996) (Fig. 5C). We 
found that Ato expression is completely normal in DNImpJ3 
discs (Fig. 5G). Bride of sevenless (Boss) expression begins by 
the second column and can be visualized in all R8 cells. 
Boss is a transmembrane protein that serves as a signal from 
the R8 cell that assigns the R7 cell fate (Van Vactor et a]., 
1991). Boss expression is initially normal in DNImpf3 discs 
(data not shown), but is lost in some older ommatidia in a 
stochastic manner (data not shown) due to photoreceptors 
descending into the base of the disc. 
To test whether the specification of other photoreceptors 
are disrupted by DNImpp expression, we used the expres-
sion of the zinc finger transcription factor Glass (Gi) as an 
indicator for photoreceptor development (Moses and Rubin, 
1991) (Fig. 5D). In DNImpj3 discs, GI expression, like Elav, 
is initially normal, but its pattern is disrupted when pho-
toreceptors drop out of ommatidia Fig. 5H). Thus, the 
missing photoreceptors that have dropped out of the epithe-
lium express GI and Elav at normal levels, indicating that 
their detachment from the ommatidia is not caused by a 
defect in specification or maintenance of correct neuronal 
identity. 
GMR-Ga14 is first expressed after R8, R2, and R5 are 
already specified, but before RI, R3, R4, R6, and R7 are 
specified. To test whether R8, R2, and R5 specification is 
also refractory to DNImpf3 expression, we expressed 
DNImpf3 under ey-Ga14 and Sca-Ga14 and found no devel-
opment defects (data not shown). ey-Ga14 is expressed 
within and ahead of the morphogenetic furrow and at 
equivalent levels but much earlier than GMR-Ga14. Sea-
Ga14 is expressed only in R8 in the first three rows of 
ommatidial precursors. Taken together, our results suggest 
that neuronal specificity is not as sensitive as axon guid-
ance and cell adhesion to a disruption in nuclear transport. 
The Loss of Photoreceptors from Ominatidia Is 
Due to a Defect in Cell Adhesion 
To determine whether photoreceptors detach from their 
epithelial layer in DNImpP discs because of a defect in cell 
adhesion, we used Armadillo (Arm) expression as a marker 
for the integrity of zonula adherens junctions (adherens 
junctions, Figs. 51-5L). Arm encodes a 0-catenin that is 
localized to adherens junctions which maintain adhesion 
between cells in neuroepithelial sheets (Cox et a]., 1996), 
but also functions separately in transducing the wingless  
signal into the nucleus (Sanson et a]., 1996). In the devel-
oping eye disc, Arm localizes to the adherens junctions of 
all cells, but is found at higher levels in the junctions of 
cells that are undergoing cell—cell communication during R 
cell specification (Figs. 51-5L). Cells anterior to the furrow 
have low levels of Arm, while cells within the furrow stain 
very heavily. During ommatidial assembly, the staining 
pattern of Arm is very dynamic and recapitulates the 
pattern of photoreceptor recruitment (Figs. 51-51-1. We 
found that, in DNImpf3 discs, Arm expression and therefore 
adherens junctions were disrupted (Figs. 5M-5P), indicating 
a defect in cell adhesion. In DNImpf3 discs, Arm staining is 
unaltered within the furrow and during ommatidial assem-
bly (Figs. SM and 50). However, in more posterior regions, 
Arm staining is reduced or even absent (Figs. SN and 50). 
We tested whether the reduction in Arm staining was 
simply due to the loss of some photoreceptors expressing 
Arm by double staining with Arm and phalloidin. The 
results show that Arm staining was reduced or absent even 
when photoreceptors were present (data not shown) show-
ing that there is a general reduction in the integrity of 
adherens junctions. 
The reduced Arm expression we observed could indicate 
that the eye phenotype is caused by a disruption of Arm 
function. Alternatively, the change in Arm expression 
could be a simple consequence of the defect in cell adhe-
sion. We were able to distinguish between these possibili-
ties. If the DNlmpp phenotype is caused by a disruption in 
Arm function, then the eye phenotype should he enhanced 
by loss-of-function mutations in arm and suppressed by 
overexpression of wild-type Arm. However, we found that 
neither a null allele nor a hypornorphic allele of arm 
modified the DNIrnpf3 phenotype (data not shown). Further-
more, overexpression of Arm did not rescue the phenotype, 
but strongly enhanced it (data not shown), Indeed, GMR-
GAL4, UAS-Arm has a similar phenotype to DNImp (data 
not shown), presumably because Arm cycles in and out of 
the nucleus (Wiechens and Fagotto, 2001) so can saturate 
the import machinery if present in large excess. We con-
clude that photoreceptors are lost in DNImpf3 discs because 
of a disruption in adhesion between the photoreceptors, but 
this is not caused by a loss of arm function. 
The Failure of Photoreceptor Axons to Enter the 
Optic Stalk Causes a Defect  in the Migration 
of Glia from the Brain to the Basal Part 
of the Eye Disc 
Glial cells are often misplaced in mutations that cause 
axon guidance defects in the visual system (Choi and 
Benzer, 1994 ; Martin et a].. 1995 ; Rangarajan et i1., 1999). 
To test whether DNImpp expression affects glial migration, 
we examined the expression of the glial marker reverse 
polarity (repo). During normal development, a set of Repo-
expressing glia originate in the optic lobes and migrate 
through the optic stalk and into the basal regions of the eye 
disc (Choi and Benzer, 1994) (Figs. 6A-6C), where they act 
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as guideposts for photoreceptor axon migration into the 
brain (Campbell et aL, 1994). Our results show that 
DNImp3 expression causes defects in glial migration and 
that the severity of the glial migration and axon guidance 
defects are correlated (Figs. 613-61). In weakly expressing 
lines (GMR-GAL4 12), few glia are absent in the eye disc 
(Figs. 6D-6F). However, in strongly expressing lines (GMR-
GAL4 151, nearly all the glia are missing from the eye disc 
(Figs. 6G-61), This stochastic loss of glial cells together 
with the fact that GMR is not expressed in the glia, strongly 
suggests that the misrouting of axons is disrupting the 
migration of glia from the optic stalk into the eye retina. 
DISCUSSION 
We have shown that a dominant negative truncation of 
human Imp/3 (DNImp) disrupts nuclear protein import and 
mRNA export when injected or expressed in blastoderm 
embryos. In the eye disc, DNImp[3 expression behind the 
morphogenetic furrow leads to a dramatic dosage-sensitive 
reduction or elimination of the adult eye. This phenotype is 
due to an adhesion defect causing photoreceptors to de-
scend below the ommatidia and into the optic stalk, despite 
the photoreceptors being specified correctly and their axons 
initially projecting normally toward the posterior. How -
ever, the axons are unable to correctly navigate into the 
optic stalk that leads to the brain, resulting in a network of 
extensively projecting misrouted axons. 
What Is the Primary Cause of the Cell Adhesion 
and Axon Guidance Defects? 
Our results are consistent with the fact that, in permea-
bilised human cells and in Xenopus, a similar truncation of 
Impf3 inhibits most nuclear trafficking except tRNA export 
(Gorlich et a]., 1996) and localizes to the inner surface of the 
nuclear envelope (Kutay et a].. 1997). DNlmpf3 probably 
acts by binding NuplS3 (Shah and Forbes, 1998), a key 
shuttling nucleoporin required for most nucleocytoplasmic 
trafficking including mRNA export and all known protein 
import and export, but not for tRNA export (Ullman et al.. 
19991. We have shown that DNImpI3 causes a similar 
nuclear transport block in Drosophila embryos and that 
fluorescently labeled DNImpp accumulates at the nuclear 
envelope around the site of injection (Fig. 2131. The nuclear 
trafficking inhibition caused by DNImpf3 injection in Dro-
sophila embryos is probably complete. However, DNImp 
expression in the eye disc causes a partial inhibition of 
nuclear transport, revealing processes that have particularly 
high requirements for nuclear transport machinery. 
It is difficult to be certain whether mRNA export, nuclear 
protein import, or protein export are the primary cause of 
the eye phenotypes we observe. We favor the interpretation 
that DNImpI3 causes a disruption of nuclear protein import 
because our results show that recessive alleles of Ketel 
enhance all aspects of the eye phenotype (Figs. 3C and M. 
The human ortholog of Ketel, Impj3, is known to play a role 
in protein import but not in RNA and protein export 
(Mattaj and Englmeier, 1998). However, it is also possible 
that DNImp$3 inhibits the Ketel-dependent nuclear import 
of factors required for mRNA export. To address these 
issues will require the identification of the factors disrupted 
by DNImp/3 expression in the eye. 
Is Nuclear Transport Required for Cell Adhesion 
and Axon Guidance? 
Cell adhesion in the eye, as in other epithelial sheets, 
involves components of adherens junctions, extracellular 
matrix, transmembrane proteins, and actin, all of which are 
thought to act at the periphery of the cell. Surprisingly, our 
results suggest that cell adhesion is more sensitive to 
perturbations in nuclear trafficking than are other processes 
such as nuclear import of some transcription factors. The 
disruption of adhesion we observe may either he due to a 
direct role for nuclear trafficking in the supply of adhesion 
components, or a role in the signals that regulate cell 
adhesion. 
Our results also suggest that communication between 
the cytoplasm and nucleus have a role in axon guidance 
decisions, a process which is still poorly understood (Al-
bright et al., 2000). Key molecules that have been found to 
play direct roles in axon guidance include ligands and 
receptors that attract or repel the growth cone (Guthrie, 
1997, 1999; Tessier-Lavigne and Goodman, 1996 ; Van Vac-
tor, 1999). Guidance decisions are made when the growth 
cone assesses the relative balance of attractive and repul-
sive forces and selects appropriate routes based on multiple 
cues (Newsome et a]., 2000a; Winherg et a]., 1998). How-
ever, nuclear proteins with specific roles in axon guidance 
have also been identified (Kuang et al., 2000; Newsome et 
a]., 2000b; van Meyel et a]. 2000). Furthermore, guidance 
cues are likely to induce changes in gene expression requir-
ing the import of signals into the nucleus. For example, in 
the case of the axon guidance receptor roundabout (robo), 
its expression is dramatically increased when axons cross 
the midline of the CNS, thus preventing further crossing of 
the midline (Kidd et al., 1998). Identifying why axon guid-
ance in the eye is particularly sensitive to perturbations in 
nuclear transport will require the identification of the axon 
guidance factor whose trafficking is disrupted by DNImpJ3 
in the eye. 
Recently a novel method of screening for axon guidance 
mutants has been developed using eyeless-FLP as a very 
efficient method of generating mosaic patches of mutations 
in lethal genes in the eye (Newsome et al., 2000b). Our 
DNIrnp3 rough eye phenotype could provide a complemen-
tary genetic screen for isolation of mutants that affect 
axonal guidance in the retina via an Fl enhancer/suppressor 
screen. We suggest that such a screen could lead to the 
identification of new genes involved in axon guidance, cell 
adhesion, or nuclear transport. 
C 2001 Elsevier Science. All rights reserved. 
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